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FOREWORD 


This is IITRI Report No. C6233-57, the Final Report on NASA 
Contract No. NAS8-26791, "Development of Space-Stable Thermal 
Control Coatings for Use on Large Space Vehicles." It summarizes 
the work and accomplishments of IITRI Project No. C6233 spanning 
the period from Jan. 4, 1971 to Nov. 1, 1975. 

During the course of this program many people contributed to 
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characterization, and engineering evaluation of coatings rested 
with Mr. F.O. Rogers. Assisting the above senior contributors 
were Dr. N.A. Ashford and Mr. F.A. Jarke in EPR investigations; 

Mr. W.R. Logan, E.J. Onesto and R. Steuhner, pigment preparation; 

Ms. Donna Mathe, pigment x-ray evaluations; Mr. R.M. Leas, stripp- 
able coatings and general paint studies; and Mr. T. Yamauchi, ex- 
perimental pol)mier synthesis. Messrs R.F. Boutin, P. Mencinskas, 

A. Lackland and J.E. Brzuskiewicz operated the irradiation facilities, 
made spectral reflectance measurements and performed many other 
important experimental tasks . We acknowledge the services of 
Mr. G.A. Zerlaut, initially, as Manager of the Polymer Chemistry 
Section for administrative management and, later, as a technical 
consultant; and the services of Dr. A.M. Stake for administrative 
guidance . 

We are pleased to recognize the highly valuable assistance 
of Mr. D.W. Gates, who represented the National Aeronautics and 
Space Administration as the NASA Program Manager and as the Con- 
tracting Officer's Technical Representative. We are especially in- 
debted to Mr. Gates for performing the extensive SEM investiga- 
tions of ZnjTiO, pigments. The advice and counsel of Messrs. 
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and Technology (NASA-HQ) also provided valuable assistance. 
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1.0 INTRODUCTION 

Early in the history of Space Technology, space vehicle de- 
signers recognized the importance of thermal control. The per- 
formance or ftinction of temperature- sensitive components, if per- 
mitted to transgress their individual operating temperature limits, 
might seriously jeopardize a vehicle's mission. Approaches to 
effective temperature control involve primarily both materials se- 
lection, and systems considerations. In the materials approach 
the absorption of solar energy is determined, as is the thermal 
emission, by the radiative properties of the surface of materials 
selected. The latter approaches, in general, accomplish temperature 
control by optimum location cf components with respect to one 
another and to the solar vector. Overall thermal control is achieved 
by regulation of absorbed solar energy and of thermal energy radiated 
to space. 

In this report we v>ill present the R&D accomplishments of 
a program initiated in early 1971 to develop stable thermal con- 
trol coatings for large space vehicles. To place it in context 
let us first describe the relatio '.ship and utility of this work 
to the field of spacecraft thermal control. Among the first 
documents to treat the overall problem cf spacecraft thermal con- 
trol were those authored by Gaumer and McKellar (ref. 1) and by 
Heller (ref. 2). Many papers and reports (e.g. ref's 3-8) which 
succeeded these first two indicate the role of the properties 

(solar absorptance) and e (thermal emittance). 
s 
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Indeed, it is of interest that the importance of these pro- 
perties in controlling local spacecraft surface temperatures has 
been demonstrated in various arguments from the simple to the 
most elegant and elaborate (e.g. , ref. 3) with the same conclusion: 
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The properties and e are the primary materials factors 
in spacecraft temperature control. A simple development of the 
relationship between their ratio (a /e) and temperature proceeds 
from an analysis of the energy balance on a flat plate oriented 
normal to the solar vector in the space environment (where con- 
vection is totally absent). Thus, if is the rata of solar 

s^ s 

energy absorption per unit area and 2eoT is the rate of thermal 
emission per unit area (the plate absorbs on one side but emits 
from both sides), then, assuming equilibrium (i.e., mc^- dT/d6 = 



Apart from small cyclic variations the term (E /2a) is a constant 

s 

at the earth's distance from the sun, i.e. at 1 A.U. E is the 

s 

solar flux (at 1 A.U.) and a is the Stefan-Boltzmann constant. 

The importance of and e can be understood from some elementary 
considerations of spacecraft heat transfer. In eq. 2 we set cut 
the basic heat balance for a spacecraft: 

Qs Qa + Qi + Qe = 

AeaT^ + mc^dT/d9 , (2) 

where Q energy absorbed and the subscripts S, A, I and E refer, 
respectively, to solar, earth albedo, internal spacecraft power, 
and to earth shine (thermal emission). These terms are general 
and do not indicate the relative contribution of each to the total 
heat balance. However, since there is only one dissipation term, 
AeaT^, and since the functions of mos»- spacecraft involve sub- 
stantial auxiliary power requirements, the absorptanc'' of radiant 
energy (in this case primarily solar) must be minimized. The 
prime purpose of a low o.^/c surface is to decrease the dependence 
on a temperature-sensitive energy dissipation mechanism. 
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Traditionally, materials have been classified according to 

their respective a /e ratios, and four general classes have been 

s 

identified (refs. 1,4). Figure 1 illustrates these classes, snows 
their relationship to one another and gives some examples of 
typical materials within each. The figure, unfortunately, does 
not portray the considerably greater emphasis in research and 
development focussed on low ^g/£ systems or their generally greater 
overall utility in practical applications. 

Having briefly established a perspective lagarding relation- 
ships between classes of thermal control (TC) surfaces, we can 
now discuss the one all-important requirement of ail TC surfaces, 
viz. , optical stability. The usefulness of a material or a sys- 
tem of materials in any particular spacecraft application cannot 

be determined solely on the basis of meeting specific a /e require- 

s 

ments. In the total environment to which the spacecraft will be 
exposed, low a ft materials must also retain their initial optical 
properties during the course of the mission. They must not de- 
grade through ladiation interactions nor suffer physical changes 
which cause catastrophic failures (e.g. , through delamination). 

While there is an abundance of materials with low a /e ratio, 
very few have been shown to be stable (refs. 5-8). Fewer yet are 
intrinsically stable and, of those that are, other considerations 
generally deny or limit their practical use. Fused silica, for 
example, is intrinsically stable to ultraviolet (UV) radiation 
when in sheet or slab form, making its use not only costly but 
very cumbersome. (In powder form (ref. 9-10) it is grossly un- 
stable). Stability ranks in most applications as the foremost 
consideration in materials selection; outgassing, difficulty of 
application, cleanability , cost and similar considerations are 
of somewhat lesser consequence, with some individual exceptions. 
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Designers prefer solar reflector surfaces with the lowest 

a /e ratio, since such materials provide a greater tolerance in 
s 

the thermal balance. But they must also be stable in order to 

maintain a reasonable tolerance during the mission. Experience 

provides two important considerations in their selection. First, 

stability tends to be more difficult or costly to achieve with 

decreasing a /e ratio. This is because low a requires low in- 
s s 

trinsic absorption, whi ch in cum requires low levels of im- 
purities, and very few materials are sufficiently pure or able 
to be made so. Furthermore, the optical effect of induced de- 
fects (color centers) increases with increasing transparency. 

Second, as a decreases, the effect of a unit change in a be- 
s s 

comes larger, i.e. , Aa /a will be more important, the lower a 

s s s 

is- We note that in general the emittance of a dielectric material 
is stable; from experience we know chat solar absorptance, how- 
ever, is subject to environmental degradation. 

These aims have provided the impetus for obtaining materials 

with ultra-low a /e ratio and with long-term optical stability. 

s 

From a practical point of view, the ideal solar reflector material 
should be a spray paint because of its adaptability to "real" 
spacecraft surfaces. Unfortunately, ready-to-use paint systems 
with very low a /e ratios and ultra-stability have not been 

O 

developed, at least not with their full theoretical capability. 

A spacecraft paint system is an incredibly complex mixture 
of materials. In succeeding pages the nature and depth of this 
complexity will be explored and analyzed with almost singular 
concentration on zinc orthotitanate pigment and the silicone paint 
systems incorporating them. 

In introducing this report we have indicated the principal 
requirements to which programs such as this one are addressed, 
along with some brief historical, but relevant. notes . Most re- 
searchers will appreciate the fact of continually changing 
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requirements in such efforts and also that research is a step- 
by-step process in which any given step almost always depends 
on the results of the one which preceded it. In subsequent sec- 
tions we will provide detailed technical background so that the 
program's objectives and the approaches will, in lijht o<^ these 
remarks, be also better appreciated. 

1 . 1 TFCHNIGAL BACKGROUND 

In very general, engineering terms we will develop the 
technical background which begins with definitions of program 
requirements, indicates the theoretical approaches to the develop- 
ment of materials satisfying them, briefly describes IITRI's pre- 
vious experience in similar programs and then outlines the program 
goals. The latter, again in general terms, follow logically 
from determinations of what we want, theoretical ideas of how to 
get there, where we are and a set of milestones defining how we 
get there from here. 

1.1.1 Low a_/e Requirements 

^ O” ■ — - II miri™_ — ■ 

The immediate engineering/applicatic.s objective of this 

program is the attainment of surface coatings with low a /e 

s 

ratio stable in the space environment. The term "stable" refers, 
ideally, to a zero time rate of change of solar absorptance and 
infrared emittance, and in this sense connotes zero "degradation". 
The concept of stability will be treated in great detail in later 
discussions . 


A low a /e surface is one which predominantly reflects solar 
s 

energy and which absorbs (emits) thermal energy strongly. For an 
exact definition and clear understanding of the term "solar ab- 
sorptance", a , it is defined as follows: 


a 

s 




S, A 


dX 


J E 


0 


s 


• dX 


(3) 
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where 


® Spectral absorption coefficient at wavelength X 

2 

E , = Spectral solar energy flux (watts/cm -y) in a 

S ^ A 

wavelength region dX about the wavelength X. 


Emittance, e, is defined as the fraction of thermal energy 
emitted by a real surface compared to that emitted by a black- 
body at the same temperature and under the same conditions. It 
is defined similarly to eq. 3: 


e 


E, , . dX 



(4) 



0 

In reality both a and e are defined by the relationship : 

s 


ra-R,)-E^(A).dX 

fE^(X)-dA 


where 

= spectral reflectance in the appropriate spectral region, 

E = E, ^ in the solar spectrum, and 

s b , A 

= C^X"^ [exp(C 2 /XT) - 1]"^ (Planck's Law) in the thermal 

spectrum. 

Since Eg (A) x.s not a matbematically tractable function, is 
calculated in practice from the formula: 

a = r (l-R,)-0.02 (6) 

n=l 

Thus, the solar spectrum is divided into fifty (50) equal energy 
increments (of 0.02 solar constants each). The average reflectance 
in each wavelength interval containing 0.02 solar constant is 
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subtracted from unity and the product with 0.02 is tabulated. 

The substitution of (1-R^) requires of course, that the material 

be opaque at all these same appropriate wavelengths. Appendix 1 

is an example of the procedure for reducing raw spectral reflectance 

data to a . 

s 

1.1.2 Basic Approaches 

A low a /e surface can be realized in several fundamentally 
s 

different ways, only two of which are practical. The simplest 
approach employs the principle of scattering in a non-absorbing 
dielectric medium to achieve high solar reflectance. In another 
approach, £econd s^urface mirrors (SSMs) , low a /c is obtained 
by overcoating a solar reflective substrate (a metal) with a 
transparent dielectric. Nearly all efforts to develop low a /c 
systems have taken one or the other of these two approaches. 

Both, of course, possess unique advantages and disadvantages. 

The most common SSMs are fused silica and teflon (FEP), on which 
a thin film of either Ag or Al has been deposited and over which 
a corrosion protective layer may sometimes be applied. The re- 
sulting "laminate" is then applied to a vehicle substrate using 
an appropriate adhesive (ref. 11). 

In a sense the program efforts we describe were directed 

at the development of a second-generation paint system, the 

achievement of a major improvement in solar reflectance as well 

as solar reflectance stability. Although to date we have not 

developed zinc orthotitanate paints to a "NASA Specification" 

status, the potential for achieving a values below 0.1 and 

s 

e values above 0.92 in such systems and stabilities of Aa^ = 

0.05 in 10 years at low earth altitudes has been demonstrated. 

1 . 2 SUMMARY OF PREVIOUS PROGRAM RESULT S 

IITRI has had a number of programs (refs. 12, 13) leading 
to the development of stable low a /e paint systems. In one of 
the earliest of these programs (ref. 12) the basic S-13 formula 
was developed consisting of New Jersey Zinc Co. SP-500 zinc oxide 
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in General-Electric Co. LTV602 methyl silicone elastomer. In 

1965 the in-situ vacuum effect was discovered (ref. 14) , and S-13 ^ 

and many other paint systems were shown to be unstable (ref. 15). ? 

The discovery that reflectance changes induced by UV in vacuo were 

in most cases bleached by exposure to ©2 (as happened in simulation 

facilities prior to 1965) drastically revolutionized the evalua- , 

tion procedures employed from that time hence (ref. 14). 

IITRI developed the IRIF (In-Situ Reflectance/Irradiation 
Facility) , in which the spectral reflectance of specimens can 
be measured in the same high vacuum before and after UV irradia- 
tion without interrupting that vacuum; oxygen bleaching effects 
were thus eliminated. In this same program S-13G was stabilized 
by encapsulating the SP-500 ZnO pigment in potassium silicate 
(Sylvania Electric Co. No. PS-7). The process was developed on 
an engineering basis under NASA-JPL sponsorship (ref. 16). The 
paint system was re-designated S-13G; in the meantime G.E. Co. 
also re-named their product LTV602 as RTV602. Thus the composi- 
tion of S-13G became ZnO :K2Si02/RTV602 . (This notation will be 
explained in detail in a later section). S-13G became a "work- 
horse" paint system; it has been used extensively on NASA and 
USAF satellites and also on European Satellites. 

In 1971 IITRI initiated extensive efforts under a NASA 
program (ref. 17) to develop an ultra-low. a^/e , ultra-stable 
paint system. R&D previous to this new program (ref. 13) 
indicated that zinc orthotitanate , Zn.^TiO^, had excellent 
potential. It was recognized at the same time that, even though 
RTV602 was the most stable (to UV) of the commercial silicones, 
it would not be compatible, optically; its relatively high in- 
dex of refraction (=1.6) tends to lower solar reflectance. 

Accordingly, we initiated a search for commercial vehicles with 
high UV stability, high pigment binding poT;er and low index of 
refraction. A product marketed by Ch^ens- Illinois of Toledo, Ohio, 
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known as 01-650 "Glass Resin", was found to meet most of these 
requirements. This product, in fact, is similar to the stable 
silicone resins synthesized at IITRI (ref. 18). 

IITRI's experience with several previous programs con- 
sequently provided extensive technological background, a niamber 
of materials candidates which exhibited excellent application 
potential, and equally importantly, the facilities, procedures 
and methods for conducting and evaluating space simulation tests 
of these materials. These then are the accomplishments of pre- 
vious programs which have directly supported our zinc orthotita- 
nate development efforts. The first phase of this work - the 
previous program - concentrated primarily on the development of 
Zn2Ti0^ pigmeat via solid state reaction of DuPont's FF anatase 
titania with New Jersey Zinc Go's 3P-500 zinc oxide. The "solid 
state" studies have been fully documented in ref, 19. In this 
report we deal with the continued R&D efforts beyond the solid 
state studies. We will, however, not summarize here the accomplish- 
ments of the "solid state" studies (ref. 19). Since many of 
them interface directly and intimately with the present program, 
they will be discussed frequently with respect to the oxalate 
method for producing zinc orthotitanate orecursors. 

1 . 3 P ROGRAM GOA LS 

The ultimate goal of the program is to produce a specifica- 
tion defining the processes and conditions for the preparation 
of zinc orthotitanate pigment, the paint binder, and of the paint 
itself. This ultimate goal implies the development of definitive 
processes with self-consis..ent production controls and with 
sufficiently reproducible produ<^ts, completion of short and long 
term space simulation studies, development of applicable paint 
engineering data, measurement of outgassing/ contamination pro- 
perties and all other" which affect the selection of the coating 
or the manner of its use. 

► 
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To be sojiewhat more specific our program goals are pre- 
dicated upon the achievement and demonstration of the following 
objectives : 

Basic low a and high c properties of the pigment, 
s 

Stable a of the pigment; viz., Aa <0.02 in 10^ ESH. 

Effectiveness of protective encapsu’’ant for pigment 
(if necessary) . 

Intrinsic optical stability of paint binder. 

Physical compatibility of pigment and binder. 

Photolytic compatibility of pigment and binder. 

Long term UV stability of Zn^TiO^ paint systems. 

Selection of baseline paint systems. 

Long term UV testing of baseline paint systems. 

Selection of specification paint system. 

Full engineering characterization of specification 
paint system. 

Publication of properties, performance and characteristics 
of specification paint system. 

Delivery of specification paint system in gallon quantities 
to demonstrate large scale output capabilities of pigment, 
binder and paint production processes. 

The above objectives also reflect the chronological milestones 
of a logical development plan. 


* 
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2.0 TECHNICAL DISCUSSIONS 




2.1 LOW a_/e SURFACES 

" ‘ S - - — 

2.1.1 General Qualities 

Although no particular intrinsic value resides in the 

classification of low a /e systems, for comparison and for 

s 

the sake of discussion they may be grouped in three categories : 

A: a /c>0.25; B: 0.1<a /e<0.25; and C: a /e<0.1 

s s ’ s 

Category A materials are, for the most part, environmentally 
unstable but are commercially available or can be obtained by 
appropriate blending of commercial materials . Category B materials 
are specially developed materials such as IITRI's S-13G and Z-93, 
which are covered by NASA Specifications (refs .2 . 1-2) . Category C 
materials presently available are second surface mirrors (SSMs), 
transparent dielectric films the rear sides of which are coated 
with a vapor deposited metal (e.g., Ag, Al) (refs .2 . 3-4) ; they are 
usually difficult to apply and are limited to substrate surfaces 
which are relatively contourless or have only one radius of curva- 
ture. The lack of a paint system in category C provides the 
justification and incentive for developing zinc orthotitanate 
paint systems; comparatively, a paint in this category should 
not only be significantly less expensive but unrestricted in 
application as far as substrate contours are concerned. There 
are, however, other important differences between paints and 
SSM's, e.g., thickness dependence, specularity, outgassing 
characteristics and adherence to substrates. For paint coatings 

a tends to decrease with thickness and for SSM's to increase, 
s 

Paints are usually highly diffuse, while the SSM's tend to retain 
much of the specularity, in the solar regime, of the reflective 
metal. The outgassing characteristics of paints usually reflect 
those of the binder; in SSM's especially the glass types, out- 
gassing is nil, except for the adhesives used to mount them. 
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2.1.2 Optical Requirements 

Optical requirements of Category C materials have already 

been stated in terms of the a /e ratio. For a /e to be less 

s s 

than 0.1 with e -0.92, a must therefore not exceed 0.09. Measure- 

s 

ments of some early experimental zinc orthotitanate systems have 
shown values of 0.085/0.94 (=0.09). In the near earth extra- 
terrestrial solar intensity spectrum approximately 94% of the 
sun's energy lies between 325nm (0.325y) and 2600nm (2.6y). 
Accordingly for a paint system to have an a <0.10 it must have 
a diffuse spectral reflectance averaging greater than 90% over 
this spectral range. (As will be seen, many zinc orthotitanate 
specimens exhibit spectral reflectance values exceeding 95% over 
a major portion of this range). In Figure 2.1 is a comparison 
of the spectra of ZnO and Zn 2 TiO^ in the 300-2600nm region. Note 
that both have very high visible reflectance values, but that 
Zn 2 TiO^ excels in two important ways: it has a UV cut-off at a 

shorter wavelength, and, because we can adjust its particle size, 
it has greater infrared reflectance. 



Wavelength 


at- 










Most dielectrics are strong absorbers (and thus emitters). In 
stating the optical requirements for the paint systems, we must 
also indicate how they translate to required properties of the 
paint components. Physically, we are dealing with a two com- 
ponent system: a pigment dispersed homogeneously in a binder. 

For maximum solar reflectance the pigment should have a particle 
size distribution which possesses maximum light scattering 
effectiveness in the solar spectrum. The pigment must be in- 
trinsically transparent - as non-absorbing (i.e., uncolored) - 
in the solar spectrum as possible. The solar transparency re- 
quirement is equally, if not more, important in the case of the 
binder; additionally, the binder should have a low value of the 
refractive index. 

2.1.3 Physical Requirements 

Separating the paint system again into its two major com- 
ponents we can outline their respective physical requirements. 

Table 2.1 lists some of their more desirable properties. 

The context in which each of these properties is important 
can vary greatly depending upon the criteria of performance. 

Many of the so-called "requirements" listed are not peculiar to 
each category; thus, particle size is an important consideration 
from a physical point of view, because of dispersion requirements, 
as well as from an optical point of view, because of light scatter- 
ing characteristics. 

2.1.4 Application Requirements 

In its broadest sense, the term application covers a 
multiplicity of practical requirements ranging from thoroughness 
of substrate preparation, to curing conditions, and to cost. It 
is not possible to quantify all of these considerations, much 
less use them directly in the formulation of paint systems. Ease 
of application, another general requirement, implies achievement 
of an effective coating without the necessity for complicated or 
unusual procedures. Ideally, a paint system could be applied 
as a single, air-curing coat to any substrate without the 
necessity for any prior surface preparation or primer. 
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Table 2-1 

Requirements for Physical Properties of Paint Components 

Pigm ent 

High melting point* 

Optimvim particle size (distribution) 

High index of refraction 

Crushable/ gr indab le 

Stable in highly divided form 

Insolubility 

Binder-wet table 


Binder 

Film-forming capability 
Pigment able 

Adherence (with primers, if necessary) 

High melting/decomposition temperature* 

High softening temperature* 

Forms impervious, flexible films* 

*not necessary but desirable and useful 

Since every experimental coating must be applied to test 
coupons for optical measurements, ultraviolet irradiation or 
similar tests, a substantial amount of experience is thus gene- 
rated in so doing. In almost every instance substrate preparation 
is the most important preliminary requirement. When primers are 
required, their application will be critical. 

Without exception the paints developed in this program have 
been formulated for spray application, rather than for brush or 
other methods. The wide range of individual tastes and practices 
in paint application make it mandatory that the viscosity of 
paint formulations be readily modifiable by addition of appropriate 
thinners to achieve preferred consistencies. 
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Whether or not a TC material will indeed be used in space- 
craft applications depends strongly upon many practical considera- 
tions. Generally, it must be compatible with and adhere to a 
variety of substrates, be applied with reasonable ease and be 
cost-effective. Adherence is frequently very difficult to achieve, 
and primers or adhesion promocers are required in addition to 
careful substrate surface preparation procedures. 

Cost may be the ultimate criterion of practicality, since 
many aspects of practicality are, at least theoretically, reducible 
to cost - either in terms of direct application costs or in- 
directly in terms of reduced mission performance. Although it 
would seem that the practicality of a TC material could be ex- 
pressed quantitatively, on a unit area basis as, for example, 

$/a or $/ (Aa /ESH) , such indices fail to account for the myriad 
of other important practical and technical requirements , some of 
which may be highly mission-specific. 

2 . 2 ENVIRONMENTAL STABILI TY 

Since the earliest days of RScD of spacecraft thermal control 
materials, comparatively little effort has been devoted to under- 
standing the fundamental mechanisms of optical degradation in the 
space environment (refs. 2.5-7). More than any other single 
aspect of spacecraft thermal control (TC) , environmental stability 
ranks as the most important - by far. Regardless of what other 
properties a candidate TC material might have, no responsible 
designer would employ any TC material without having at least a 
rough estimate of that material's space environmental stabilit’ , 
i.e., of its time rate of change of a and e with space exposure. 

The total exposure to active degradative influences depends 
heavily upon orbital parameters. The actual exposure of space- 
craft surfaces to solar electromagnetic and particulate radiation 
fluxes in general depends upon their orientation, orbital para- 
meters and time. All space vehicles will encountei solar electro- 
magnetic radiation, but not necessarily particulate radiations 
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(e.g. , alpha particles, protons, and electrons, as in the 
Van Allen belts and auroral regions) . Unless otherwise indicated 
the term environment in the remainder of this report refers to 
the low-orbit, near-earth environment. The charged particle 
radiation studies reported in a subsequent section imply much 
higher orbits or interplanetary environments, and consequently 
should be viewed as extensions to the basic low earth orbit in- 
formation gained in the environmental tests. 

As we use it here the term "environmental stability" holds 
the more restricted, though conventional, meaning of stability 
to in- vacuo solar UV radiation. The latter is nominally defined 
as the energy in the extraterrestrial solar spectrum (at the 
earth's distance from the sun, 1 A.U. , below 400nm (0.4y). Most 
of the space radiation tests were conducted using simulated 
solar electromagnetic radiation. Stability to particulate radia- 
tion, nevertheless, has been estimated for several of the more 
advanced pigment systems. By convention, environmental stability 
is measured in terms of the Aa^ resulting from an exposure to a 
specified amount of U\' radiation (expressed in units of ESH, 
equivalent £un-hours). More precisely, ESH refers to the total 
amount of equivalent solar UV radiation. 

Environmental tests serve several purposes including that of 
predicting the performance of a material in space applications. 
Unfortunately, lab and flight test data do not always agree 
(refs. 2. 8-9); inevitably , flight data show more degradation than 
would be expected from lab predictions. The explanations depend 
on individual circumstances, but usually involve prelaunch and/or 
in-flight contamination or inadequate simulation of the radia- 
tion environment. The results of several Skylab experiments 
(refs. 2.10-12) offer dramatic evidence of in-flight contamina- 
tion. 
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In any event, space environmental stability depends very | ‘ 

importantly on the surface conditions of the thermal control sur- , ; 

faces at launch. IITRI has consistently and strongly recommended 
the protection of thermal control surfaces prior to launch. ; I 

An IITRI study (ref. 2,13) showed the effects of an oceanside 
environment (NASA-KSFC) on unprotected S-13G surfaces. These ard ^ 

other studies make it patently clear that prelaunch protection of 
thermal control surfaces is absolutely essential. Unless this is 
accomplished, the intrinsic stability of any affected material 
may be seriously compromised and the validity of any predictions 
of in-flight performance, such as those made from the model given 
in Appendix II may also be lost. Nevertheless, properly in- 
terpreted laboratory test data remain a highly valid tool for such ' 

predictions; however, because of unpredictable circumstances, 
they can only reflect ideal performances. 

The prediction of environmental stability traditionally had 
been accomplished without consideration of the effects of con- 
tamination or space charge acciomulation (SCA) . We will, for the 
sake of completeness, discuss these two phenomena briefly because 
they have recently become the subject of intense discussion and 
of moderate R&D efforts (ref's 2. 14-18) . Appendix III provides 
more detail on contamination parameters; and Appendix IV, some 
brief remarks on electrical conductivity and its role in Space 
Charge Accumulation (SCA). Contamination long ago (ref. 2.19) 
was pointed out as a critically important factor affecting space- 
craft performance. 

The term "contamination" usually refers to the outgassing i 

products of materials and to their subsequent condensation on 
surfaces, and most importantly to the possible changes in the 
optical properties of tbe latter. Of equal importance, however, 
is the concept of contaminabi lity - the facility with which a 
surface attracts and/or retains a condensed substance. Con- , 
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taminability is quite probably affected by surface charge dis- 
tribution and overall "passivity" of surface absorbates (which 
may not necessarily be easily outgassed) . 

Space charge accumulation (SCA) results from che accumula- 
tion of and interaction with energetic charged particles, e.g., 
those of the solar wind, the van Allen Belts, and polar Aurorae. 
The differing dielectric properties of the various surface 
materials of a spacecraft compound the problem of dissipating 
charges. SCA can be, under certain circvunstances , very destruc- 
tive to surface materials (refs. 2.20-21). As charges accumulate, 
including those due to secondary electron emission, the local 
potential may exceed the dielectric strength of the material. 
Electrical discharges may occur, espe ially at localized flaws 
or surface defects, resulting in severe local mechanical failures. 

We have addressed the overall contamination problem in de- 
veloping zinc orthotitanate paint systems, primarily in terms of 
reducing binder outgassing. While we are aware of the SCA pro- 
blem, we have not undertaken any efforts to reduce the sus- 
ceptibility of zinc orthotitanate paint system to SCA effects. 
Contamination poses a risk in any spacecraft application; SCA 
effects may or may not. Consequently, we urge that potential 
users of zinc orthc itanate paint systems (of any TC material, 
for that matter) consider the potential of SCA toward mission de- 
gradation for their particular mission(s). 

2.3 SUMMARY REMARKS 

Environmental stability connotes the ability of a TC 
material to remain unaltered in its optical properties after 
exposure to active degradative agencies whose magr itude (s ) may, 
and frequently do, vary with time and orbital parameters. Al- 
though solar UV radiation is a predominant degradative agency 
especially in the near-earth environment, additional, but not 
necessarily linearly additive, optical degradation occurs as 
a result of concurrent exposure to massive energetic radiation. 

In the discussions of environmental test results we will 
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analyze the reflectance changes spectrally, associating changes 
in certain-spectral regions with a specific material defect and 
with their causes. This approach allows an explanation of so- 
called synergistic effects. Furthermore, it contrasts, but is 
by no means incompatible, with the more engineering-oriented 
understanding of Aa vs ESH. We will make these relationships 
more clear in a succeeding section where the spectra of irradiated 
materials are analyzed in detail. The important points to ob- 
serve here are 1.) that environmental degradation implies that 
each active environment produces one or more characteristic 
spectral reflectance changes, 2.) that the magnitude of each in- 
duced change is proportional to the appropriate magnitudes 
(including time) of the agency producing it, and 3.) that the 
total change, measured in terms of Aa^ , is the summation of all 
of these spectral changes relative to the solar intensity spectrum. 
Environmental stability, at least from a materials standpoint, 
thus results from minimizing the sprctral response of a material 
to a degradative agency, especially in the spectral regions of 
greatest solar intensity. This in turn is accomplished by adiusting 
paint compositions in accordance with the optical, physical .and 
applications requirements which the paint system must also meet. 
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3.0 PIGMENT STUDIES 

A great deal of research has been performed to obtain pig- 
ment materials stable to the ultraviolet-vacuum environment. 

Much of the early screening of inorganic powders was conducted 
at IITRI and has been documented in several reports (Refs. 3.1-3). 
From this work, zinc nvide and cubccquently zinc orthotitanate 
(Zn 2 TiO^) were determined to be the most stable pigments. 

The purpose of the pigment technology studies was to develop 
methods for producing zinc orthotitanate (Zn 2 TiO^) thermal con- 
trol pigments of high reflectivity (low a^) and stability. These 
production methods were to be amenable to scale-up so that 
moderately large quantities of pigment powder, e.g., ten pound 
batches, could be produced. Coprecipitation, reaction sintering, 
and heat treatment studies were conducted. 

In addition, a limited amount of investigative effort was 
devoted to pigments other than Zn 2 TiO^. The details of the 
various studies are presented in the following sections. 

3.1 ZINC ORiKOTITANATE STUDIES 

3.1.1 Background 

Studies conducted at IITRI have demonstrated that zinc 
orthotitanate has excellent potential as a pigment for solar 
reflector coatings (Ref. 3.3). A flow diagram for the previous 
synthesis method for Zn 2 TiO^ used at IITRI is shown in Figure 
3.1. The process is one of reacting zinc oxide with titanium 
dioxide. A series of grinding and mixing operations are 
carried out at low temperature to assure good particle-to- 
particle contact, and hence, reactivity, of the two oxides. 
Formation of the Zn 2 TiO^ pigment is accomplished by firing at 
925°C for 18 hours, additional grinding, followed by reactive 
encapsulation and/or induction plasma calcining (Ref. 3.4) to 
obtain a stable product. A total of 4 hours of wet grinding 
and 1/2 hour of dry grinding is conducted prior to firing and 
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Figure 3- 1 FLOW DIAGRAM FOR B-22^ SYNT 
PIGMENT (Ref 3.4). 
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this is followed by an additional 12-24 hours of grinding for 
comminution of the Zn 2 TiO^ product. 

Spectrographic analysis of a series of zinc orthotitanates 
prepared by this method revealed the following major impurities 
(Ref. 3.5): 


SAMPLE 

GRIND TIME 



A-0 

24 hrs 

0.5 

0.3 

B-0 

24 hrs 

1.2 

0.7 

D-0 

12 hrs 

0.1 

0.25 


The rather large amounts of A1 and Si may be attributed to con- 
tamination from the porcelain grinding balls and would appear to 
be a function of grind time. Such impurities in a material can 
be a source of optical degradation in an ultraviolet -vacuum en- 
vironment. Minimization of grinding times would reduce contamin- 
ants and minimize introduction of crystallographic defects. This 
should be beneficial in obtaining improved stability and was one 
of the aims of the study. 

Stabilization of zinc orthotitanate subsequent to its 
synthesis at 925 °C to prevent optical degradation is accomplished 
by the following methods: reactive encapsulation and/or very 

high heat treatment by induction plasma calcining. The latter 
process involves a rather sophisticated apparatus, and the yield 
is somewhat low. 

In the current study, attempts were made to obtain stable 
Zn 2 TiO^ by either elimination or simplification of the various 
steps shown in Figure 3.1. The means by which this was to be 
accomplished was: 1) the use of salt precursors to obtain en- 

hanced reaction; 2) the use of coprecipitation to achieve intimate 
mixing of these precursors; and 3) the use of rapid heat treat- 
ment methods to minimize particle size growth. 



The production techniques which have been investigated are: 

1. Coprecipitatio n - Obtaining an intimate zinc salt- 
titanium salt mixture by coprecipitation and firing 
of this product at relatively low temperatures (600°- 
1000 °C) to produce Zn 2 TiO^. 

2. Reaction Sintering - Reaction of a physical mixture of 

a zinc compound with a titanium compound by rapid tiring 
(less than 2 hours) at 900° - 1400°C. 

3. Heat Treatment of Powders - Accelerated heat treating 
of powders by flash heating (heating and cooling ramp 
times of less than 15 minutes each with soak times at 
temperature of about 2 hours) . 

3.1.2 Methods of Evaluation 

In the studies of preparing zinc orthotitanate , evaluation 
methods primarily used were gr ivl*"f.tric , x-ray, and scanning elec- 
tron microscopy (SEM) . Wei^^ht change data due to chemical reac- 
tion, decomposition, or calcination, were used to monitor com- 
pleteness or the extent of any of these processes by comparison 
with theoretical behavior. X-ray analysis was used routinely for 
phase identification. The size and shape of powder particles 
could be determined readily with the use of the SEM. 

3 . 1 . 2 , 1 Gravimetric Analysis 

Weight measurements were made on precipitated materials 
after they had been dried at 90°C/4 hours, and calcined powders 
were weighed after cooling to ambient temperature. Amounts up 
to 200 grams were weighed to 0.0001 grams, and larger amounts 
were weighed to a tenth of a gram. These accuracies were also 
maintained in the preparation of reactants, both in solid or 
solution forms . 
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3 . 1 . 2.2 X -Ray Analysi s 

Debye-Scherrer powder patterns were employed to identify 
different phases in a particular sample by comparison with standard 
National Bureau of Standards data. Line intensity was also used 
as an estimate for quantitative r.r.alysis. Nelson-Riley plots were 
employed to determine lattice constants. Detailed description 
of these techniques can be found in the literature (Ref. 3.6). 

Certain limitations existed in material identification by 
X-ray methods. Phases were not detected if they were amorphous 
or non- crystal line , were in small quantity (generally 4 to 5% or 
less of the total sample), were extremely fine in size (<100 
angstroms), or were poorly crystallized. Examples are discussed 
in the text of this report. 

3 . 1 . 2 . 3 SEM Analysi s 

Examination of powder particles by SEM was carried on at 
Marshall Space Flight Center (NASA) by Mr. P.W. Gates, Project 
Monitor, using a JEOL JSM U-3 instrument. Sample preparation 
consisted of the following steps; 1) disperse powder in USP 
ethyl alcohol; 2) transfer powder- alcohol to a brass stub sample 
holder using a capillary tube; and 3) air dry. Three samples 
were placed on a stub as depicted below, thus permitting rapid 
examination and comparison without removal of the stub from 
the SEM. 



Using this method of depositing very thin sample layers, it was 
determined that a conductive coating to prevent charge build-up 
was not necessary. Dispersion of particles was excellent, per- 
mitting examination of discrete grains. 
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3 . 1 . 2 . 4 Optical Analysis 

The reflectance spectra of Zn 2 TiO^ pigments were also used 

to characterize these materials in terms of a and Aa , i.e., 

s s 

stability to ultraviolet irradiation in vacuum. Additionally, 
reflectance characteristics in the near ultraviolet from 0.325 
to 0.5 microns revealed compositional information. The location 
of the absorption edge as well as the "knee" reflectance were 
used to determine the existence (or lack there cf) of free Ti 02 
and ZnO. These analyses will be treated separately subsequently. 

3 . 2 SYNTHESIS BY COPRECIPITATION/ CALCINATION (COP) 

The purpose of the coprecipation method is to obtain an 
intimate mixture of zinc and titanium compounds. This excellent 
mixing along with the highly reactive nature of the oxides derived 
upon decomposition of these compounds, permits conversion to 
Zn 2 TiO^ under moderate conditions of 600°C/2 hrs . Other investiga- 
tors (Refs. 3.7 and 3.8) have shown that higher temperatures and/or 
longer times are necessary using less reactive zinc and titanium 
precursors . 

The coprecipitation method involves the simultaneous addi- 
tion of a mixed solution of zinc and titanium chlorides to a 
solution of oxalic acid. The resulting solution is then heated 
to and held at a specified temperature, during which time it is 
continuously stirred while the precipitate is formed. 

The zinc and titanium sources were Reag«_nt Grade ZnCl 2 and 
Purified TiCl^, and the oxalic acid was Reagent Grade. Zinc 
chloride and oxalic acid solutions were prepared by conventional 
dissolving of the crystals in distilled water at A0°C. The 
TiCl^ solution was prepared by dropwise addition of the TiCl^ 
into distilled water which was cooled in an ice bath in order 
to prevent formation of hydrolyzed titajiium. 



• J.- 


•I 

Precipitation of mixed oxalates was conducted by addition , 

of a mixed chloride solution (ha\/ing varying Zn to Ti ratio) to 
oxalic acid at 40°C. This was followed by heating of the system 
with stirring to 90“C where it was held from one to four hours, 
the hold time depending on the batch size. 

Filtration was performed in a Buchner funnel system under 
slight vacuum. The precipitate was washed thoroughly with hot 
water until there was no evidence of acid in the filtrate. 

Calcination and firing were performed in standard atmospheric 
Globar furnaces. Powders were contained in fused silica boats 
for firings up to 1300°C and in platinum crucibles at 1400°C. 

A flow diagram for this process is shown in Figure 3.2 and 
is summarized in Table 3.1. The designation "TiOX" is used in 
this docimient for the reaction product of TiCl^ with oxalic acid. 

As shown later in this report, this material was not completely 
characterized in uhc C ourse of this program. 

Various effects affecting the coprecipitation process were 
examined during the course of the program. These ar« discussed 
in the following sections. 

3.2.1. Pr ecipitation Effects 

The initial step in the coprecipitation study was to optimize 
the technique for rapid mixing of reactants, and for obtaining re- 
producibility. The variables were the oxalic acid solvent (water 
or alcohol), starting mixture (mol ratio of Zn:Ti), addition method 
(dropwise or direct dump) , and reaction rates and conditions 
(temperature and holding time). Precipitations were carried out 
in an all Pyrex system to preclude contamination such as iron. 

Gross compositions of the precipitates were evaluated using x-ray 
techniques . 
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TABLE 3.1 


C OPRECIPITATION PROCESS OF Zn^ TiO 


4- 


PRODUCTION 


Copreclpltatlon Re action; 

2 ZnCl 2 (aq) + TiCl^(aq) + 3H2C20^ • 2H20(aq) -> 

2 ZnC.,0 -2H„0 + "TiOX" + 8HCl(aq) 
2 4 2 

M aterials Preparation: 


1) Mix 20% TiCl^(aq) and 20% ZnCl (aq) solutions to obtain 2:1 mol 
ratio of zinc to titanium (cola). 2). Prepare 15% oxalic acid(aq) 


Coprecipitation Procedure : 

1) Heat oxalic acid solution to 40°C, add mixed chloride solution 
with stirring^ 2). Heat to '^90 C with stirring, and digest for 
4 hours at 90 C with stirring; 3), Cool, and filter precipitate 
(mixed oxalates) with generous water washings until pH = 7 ; and 
4). Dry at 90^C/4 hr. 

Calcination Reaction (Conversion) : 

2 ZnC.,0 -ZH-O + "TiOX" Zn.TiO, + xCO,, + ylLO 
2 4 2 2 H 2 2 

(Volatiles) 


Pre-Calcination: 

600°C/2 hrs (time to 600°C ^ 30 min). 

Flash Ca Icination ; 

Insert directly into furnace at dt sired temperature and remove after 
required hold time; the following schedules are representative: 


Tanq). , 

Time to Temp . , 

Hold Time, 


°C 

Min. 

Min. 

Container 

1050 

'^'7 

120 

fused quartz 

1200* 


120 

fused quartz 

1400 

a.10 

5 

platinum 


Hand-pulverize pigment (minimal) to reduce agglomerates. 

Acetic Acid Treatment (Free ZnO Remova l) ^ 

1) Treat pigment in 50% acetic acid at 80°C/1 hr with stirring; 

2) Filter with repeated water washing until pH ^7; 3). Dry at 120°C/16 hr 
4). Calcine at 1000°C/2 hrs (time to 1000 C = 1 hour). 

*A 1200°C flash calcination appears to produce 7,n2TiO^ of optimum physical 
and optical properties. 



Firing of these materials was conducted at 900*0 for 2 hrs 
in fused quartz or porcelain containers, and the resulting pow- 
ders were examined by x-ray diffraction to determine gross composi- 
tion and crystal structure. The temperature and time conditions 
of calcination (900°C for 8 hr) for the early studies were selected 
because previous studies had established that under such condi- 
tions a stable product was obtained (Ref. 3.4); and. of course, they 
were established in order to compare on an uniform basis products 
prepared under parametric conditions. 

Theoretically, the use of a 2:1 mole ratio of Zn to Ti in 
the mixed chloride solution should yield titanate of the desired 
stoichiometry, i.e., Zn 2 TiO^. Previous experience had also shown 
(Ref. 3. 4) tl at in the mixed oxide reaction, an excess of ZnO in 
the product was very much preferred to an excess of TiO^, mainly 
because of the latter's insolubility and thus its unextractability . 
An initial objective of this work was thus to determine the effect 
of the Zn:Ti mol ratio on the composition of the final product. 

The effect of using water or methyl alcohol as the solvent 
for oxalic acid was also examined. To simplify and speed up this 
step in the processing, the mi>.ed chlorides were added rapidly 
to the oxalic acid solution at room temperature. The systems 
were then heated to 90°C in the case of water, or to 55 "C in 
the case of alcohol tc complete rhe precipitation. After cooling, 
the solid product was obtained and heat treated at 900°C for 8 hr 
to obtain Zn 2 TiO^. The product was of a particle size small 
enough for direct use as a pigment, thus precluding the possibility 
of contaminant introduction in any grinding process that might 
be employed. 

The data in Table 3.2 summarize the initial studies of co- 
precipitation . X-ray analyses showed that the precipitation pro- 
duct in the water system was two-phased, consisting of zinc 
oxalate and a second crystalline material which is designated 
as "TioX". No standard X-ray pattern corresponding to the pattern 
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of this second phase could be found in the literature. Communica- 
tion with NBS personnel revealed that this was indaed a new com- 
pound. 

Analyses of fired products of water-based systems showed 
that using a Zn:Ti mole ratio of 2:1 or higher resulted in zinc 
orthotitanate plus free zinc oxide. The 2:1 ratio (Zn:Ti) using 
a one hour hold during precipitation, followed by a 900°C/8 hr 
firing, produced a Zn 2 TiO^ product with very small amounts of 
excess ZnO. 

In the alcohol systems, there was no evidence of "TiOX" in 
any of the precipitates. As shown in Table 3.2, all of the methanol 
systems precipitates gave x-ray patterns of zinc c'xal :e with 
no evidence of any crystalline titanium phase. How ver, all of 
the precipitates when fired at 900‘'C for 8 hr yielded free Ti02 
or Zn 2 TiO^. Thus the titanium phase in th precjpitate is either 
extremely fine or is in an amorphous state. For the alcohol system, 
* Zn:Ti mole ratio in excess of 2.5:1 but less than 3:1 was 
nece.ssary to obtain Zn 2 TiO^ with no Ti 02 and a minimum of excess 
ZnO. 

3.2.2 S cale-Up Studies 

The early work in coprecipitation of oxalates from the mixed 
chlorides revealed a low yield of about 59 to 717o of theoretical. 

The low yield may be attributed to non-optimum precipitation condi- 
tions, e.g. , too low a temperature, short times, and 'or in- 
sufficient amounts of reactants. In efforts to increase this yield, 
the amount of oxalic acid involved in the reaction was increased 
to a 40 mol 7. excess. As the data in Table 3.3 show, this resul"ed 
in an increase to about a 907o yield as seen by comparing data 
from batch LH-16 with those from batch LH-20. Furthermore, the 
firea product of LH-20 showed no X-ray evidence of ZnO, indicating 
a close approach to the 2Zn/Ti stoichiometry. 
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-ray analyses . 


The batch amounts for LH-1 through LH-20 were 50 grams of 
precipitate. In experiments designed to obtain a precipitate of 
200 grams, the initial results (see LH-22) showed a lowering of 
precipitate yield to 787o, and the fired product contained amounts 
of excess ZnO detectable by x-rays. In efforts to increase the 
yield, digestion (hold) times were increased to 2 hr (LH-30) and 
4 hr (LH-31). The yield was increased to about 90% by these 
longer holds as seen in Table 3.4. In the fired products, LH-30 
showed very faint x-ray lines for ZnO whereas LH-31 showed none. 

Larger batch production of zinc orthotitanate was continued 
in the LH-50 series. Three 200 gram mixed oxalate precipitates 
(designated LH-51. LH-52 and LH-53) were prepared. The first 
two of these batches were digested for 4 hours at 90°C; it was 
established previously that under these conditions a relatively 
pure Zn 2 TiO^ would result on subsequent firing. The third 
batch, LH-53, was digested for 8 hours in an effort to increase 
the yield. The percent yields obtained, based molf % of 
theoretical, for the three precipitates were 90.5%, 93.5%, and 
93.17o for LH-51, LH-52 and for LH-53, respectively. These data 
show that extending the digestion time from 4 to 8 hours does 
not increase the yield. In this particular precipitation pro- 
cess, an equilibrium is apparently attained after about 4 hours. 
The final scale-up in this program involved precipitate batches 
of about 1000 grams in the LH-100 series. These along with per- 
tinent batches of smrl'' 3r size are summarized in Table 3.4. 

The results of these .studies show that for obtaining Zn 2 TiO^ 
of minimum ZnO excess reproducibly , the following parameters are 
of importance: 

1.) Use of water as opposed to methyl alcohol as the solvent 
for oxalic acid. 2.) Use of a 2:1 mol ratio of zinc to titanium 
in the mixed chlorides. 3.) Use of about a 40 mo 17, excess oxalic 
acid in the reaction; and 4.) Precipitation at 90 °C with a 4 hour 
hold. 
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3.2.3 Sample Designatio n 

Synthesis of zinc orthotitanates by coprecipitation and cal- 
clination involves a series of standardized operations. In order 
to render sample designations as descriptive as possible, a coding 
system was used during the course of the program. For example, 
in the designation LH-30 (6-12-A-lO) , "LH-30" refers to the batch 
precipitate, "6" refers to an initial firing of 600°C/2 hrs, "12" 
refers to a subsequent firing at 1200°C/2 hrs, "A" refers to the 
acetic acid leach, and "10" refers to the final firing at 1000°C/2 
hrs. All samples were designated in this manner in order to pre- 
sent a codified history and identification of the particular 
material. Shown in Figure 3.3 is a typical flow diagram for 
materials obtained from a particular precipitation batch. 

3.2.4 H eat Treatment Studies 

Studies were conducted to determine the effect of beat treac- 
ment temperature of Zn 2 Ti 0 , on its physical and optical properties. 
The temperatures of interest were varied from 900°C to 1400°C. 

The precipitates were fired in fused quartz crucibles because of 
the excellent thermal shock resistance of quartz. These were 
then inserted directly into a furnace and soaked for 2 hr at tempera- 
5 minutes at x400 C) , and then removed to .oom temperature 
conditions for rapid cooling. This rapid heat tieatment method 
has been termed flash calci nation . 

Initial experiments with the coprecipitate ■!., the mixture 
of ',inc oxalate and "TiOX", resulted in a rather . :olent dis- 
turbance of the powder due to the extremely rapid evolution of 
decomposition gases. Therefore, in subsequent studies materials 
were pre-calcined at 600°C for 2 hrs, a treatment which removes 
all volatiles without disruotion of the precipitace. Powders 
subjected to temperatures up to 1200"C were essentially free 
flowing; the slight caking is easily broken uo. However, a 
1400°C treatment caused apparent agglomeration as observed 
microscopically in the coarseness of the particles. This was 
confirmed in scanning electron microscony (SEM) studies, which 
clearly showed "necking" (fusing t"gether of particles) or the 
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^ As Precipitated 



Figure 3-3. TYPICAL FLOW DIA'^RAM FOR Zn^TiO, SYNTHESIS 
FROM A PRECIPITATED BATCH 




onset of sintering by diffusion. The results of SEM analyses 
appear in a later section. 

In some of the materials calcined at 900®C, Line metati- 
tanate (ZnTiO^) was observed. Firing of these materials to a 
temperature of 1200°C resulted in the changes described below: 

Phases Present 

Batch After Heat Treatment at : 

No. hr T^gp^CTT hr 

LH-10 ZOT* + ZMT* + Ti02 ZOT + Ti02 

LH-11 ZOT + ZMT + Ti02 ZOT + Ti02 

LH-12 ZOT + ZMT + ZnO ZOT 

*ZOT = zinc orthotitanate, ZMT = zinc metatitanate 

Zinc metatitanate was not observed in any of the IZOO'T- calcined 
samples. This can be explained by examination of the Zn0-Ti02 
phase diagram proposed by Dulin and Rase (Ref. 3.7) in which dis- 
sociation at 945 °C of ZnTiO^ to Zn 2 TiO^ plus Ti02 is indicated. 
Significantly, in LH-12, ZMT and ZnO were present in the 900°C 
material. A heat treatment of 1200°C resulted in a material 
which revealed only ZOT lines, indicating reaction between the 
excess ZMT and ZnO to form ZOT. The observed incompleteness of 
reaction of 900 °C was the exception rather than the rule. How- 
ever, evidence of ZMT was observed in some of the 600°C (pre- 
calcined) materials , indicating that the reaction to form the 
orthotitanate may be stepwise, i.e., metatitate is an inter- 
mediate product at some relatively low (<900°C) temperatures. 

3.2.5 Acid-Leach Studies 

The coprecipitation process was designed to yield a product 
with excess ZnO. The removal of free ZnO can lower by about 
0.02 due to elimination of the "knee" in the 0.325 - 0.375 micron 
region. 

A series of ZnpTiO^ powders were treated with acetic acid 
to remove ZnO. The reaction of acetic acid with zinc oxide 
leads to soluble zinc acetate; Zn 2 TiO^ is inert to the acid. 

IV-rV 
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Samples LH- 30(6-12) and LH-31(6-12) were thoroughly stirred in 
acetic acid at 80“C for one hour. After filtering and washing, 
the materials were fired at 1000“C/2 hrs to drive off any re- 
sidual acetates. 

Gravimetric analysis showed a weight loss (presumably ZnO) 
of 7.9% for LH-30(6-12-A-10) and 3.7% for LH-31(6-12-A-10) . The 
removal of ZnO from the LH-30 material was verified by X-ray 
analyses in that no phases other than Zn 2 Ti 0 ^ could be detected. 

In addition, reflectance data revealed either an increase at the 
"knee" (350nm) or its complete removal (see section 4.7). Sample 
IJH-31(6-12) had shown no X-ray evidence of ZnO prior to the acid 
leach. Apparently the 3.7% ZnO content as determined in the 
acid leach experiment was too small an amount to be detected by 
X-rays . 

Samples from batches LH-51 and LH-52 were also subjected to 
acid washing. Weight losses for LH-51 (6-12- A-10) and LH-52 (6-14- 
A-10) were 2.2 and 2.3%, respectively, showing that these materials 
contained a very small amount of ZnO. In general, losses of 2 to 
3% were observed for all Zn 2 TiO^ subjected to this processing. 

An important requirement of the acid washing process is the post- 
calcination at 1000°C to remove any degradable residues, as space 
simulation tests show (see s«Jctions 4.4 and 4.5). 

3.2.6 X-Ray Analyses 

All materials obtained at the various stages in processing 
(see Figure 3.3 for typical materials) were examined routinely 
by X-ray analysis. Representative powder patterns are presented 
for as-precipitated materials in Figure 3.4 and for heat treated 
materials ir Figure 3.5. The "TiOX" product formed by the reac- 
tion between TiCl^ and H 2 C 20 ^- 2 H 20 exhibited a characteristic 
X-ray pattern (Fig. 3.Aa. ) which cannot be identified as any 
indexed material. This pattern was common to all of the various 
"TiOX" powders examined, thus showing that this compound is re- 
pro ..acible and unique. Also shown in Figure 3.4 are the patterns 
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a) Single phase 



Powder Patterns of Precipitated Materials 












a) Zinc Orthotitanate , Batch - LH-51(6) 



Powder Patterns of Fired Zinc Orthotitanate Materials 









for zinc oxalate and a coprecipitated mixture. The former 
corresponds nicely to well documented data for ZnC 20 ^. 2 H 20 , and 
the latter comprises a mixture of the two patterns. 

Representative X-ray powder patterns of fired materials pre- 
sented in Figure 3.5 show that, in the 600“C material, LH-30(6), 
the Zn 2 TiO^ lines are not sharply defined, indicating poor 
crystallinity. On the other hand, the patterns of the 900“C 
material, (LH-30(9), show good crystallinity as evidenced 
by line sharpness and the energence of back relfection lines. 

The pattern of the acid washed sample contains no lines for ZnO, 
indicating the effectiveness of the acetic acid removal of ZnO. 

Another aspect of X-ray analyses has been to determine any 
relationship between crystallographic size and processing history 
and/or stability to ultraviolet irradiation in vacuum. The re- 
sults of these studies are shown in Table 3.5; the lattice constants 
(a^) of pigments calcined at 1100®, 1200® and 1300®C were similar, 
while the 1400®C material revealed a cell size more closely 

O 

approaching the reported value of 8.456A CRef-3.8) for fused 
Zn 2 TiO^. Thus, there was no clear trend, at least in the 1100® 
to 1300®C temperature range, toward the ideal crystal size with 
increasing temperature. 

Table 3.5 

SUMMARY OF X-RAY DIFFRACTION STUDIES OF Zn„TiO, 

Z 4 


Material 

Calcination 
Temp . , °C 

Lattice 
Constant, R 

ZnO 

La 

2054 ESH 

LH-53(6-ll) * 

1100 

8.4668 

Yes 

.051 

LH-b3(6-ll-A-10) 

1100 

8.4639 

No 

.071 

LH-53(6-12) ^ 

1200 

8.4673 

Yes 

.064 

LH-53(6-12-A-10) 

1200 

8.4641 

No 

.075 

LH-53(6-13) 

1300 

8.4668 

Yes 

.109 

!H-53(6-13-A-10) 

1300 

8.4638 

No 

.051 

LH-53(6-14) ^ 

1400 

8.4643 

Yes 

.129 

LH-53(6-14-A-10) 

1400 

8.4628 

1% 

.055 

*Acid washed, followed by heating at lOOO^C/2 hrs. 


**Space simulation test IRIF-I-67 
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A difference in lattice constants did appear to exist between 
as-calcined pigments and those of the acid washed materials. The 
latter materials clearly exhibit smaller constants than the non-acid 
washed samples. Since acid washing removed the ZnO from the 
Zn 2 TiO^, this decrease in a^ may indicate a limited solubility of 
ZnO in the Zn 2 TiO^. In other words, removal of the ZnO permits 
a closer approach of the Zn 2 TiO^ crystal size to the id ..l. How- 
ever, it is also possible that the apparent contraction in crystal 
size may have been due to an annealing effect of the added heat 
treatment of 1000“C/2 hrs. Examination of the lattice constant 
versus Aa^ data failed to reveal any correlation. 

The X-ray diffraction scans also indicated the effectiveness 
of acid treatment; ZnO was detected in the as-calcined and not in 
the acid- treated samples. No trace of Ti02 was observed in any of 
these samples by X-ray. 

3.2.7 S EM Analyse s 

The various materials generated in the Zn 2 TiO^ studies, from 
precipitates to high fired powders , were examined by scanning 
electron microscopy (SEM). These studies provided a valuable 
analytical tool in examining morphology of materials and, importantly, 
in determining the reproducibility in this morphology from batch 
to batch. In general, the coprecipitated batches and Zn 2 TiO^ de- 
rived from them at various temperatures showed good reproducibility. 
Therefore, the photomicrographs which are discussed in the follow- 
ing paragraphs may be considered typical for any batch. 

Shown in Figures 3,6 and 3.7 are SEM photomicrographs of in- 
dividually precipitated zinc oxalate and titanium compounds. The 
ZnC20^-2H20 particles (Figure 3.6) are fairly regular in shape 
and appear to be of the order of 2 to lO^i in size. The titanium 
phase precipitate ("TiOX") has a smaller particle size range, 
about 0.5 to 4u (Figure 3.7). The particles are somewhat irregular 
and are not as sharply defined as those for the zinr oxalate. 
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The coprecipitatp.d material (i.e., the mixture of Zn aiul Ti ppts) 
shown in Figure 3i G appears to be a mixture of the two phaies 
described above. In addition, "agglomerates" and "needles" can 
be observed. 

X-ray analyses of TAterial fired at 600 generally reveal 
the presence of Zn 2 TiO^ and ZnO. It is likely that some form of 
titanium compound also exists but it may be either amorphous 
or too fine, to be detected by X-rays. Figure J.9 p’^ows that this 
material consists of extremely fine (submicrrn) particles in addi- 
tion to larger ones of about 1 to 5 microns. At t :.uS low calcina- 
tion temperature, the material is quite heterogeneous as might be 
expected of a partially decomposed-reacted mixture. 

After a 900®C firing for 8 hours, Zn 2 TiO^ with no other X- 
ray detectable phase is obtained. As F gure 3.10 shows, this 
powder has fairly well-ordered particles in a size range from 
about 0.8 to 5y. The shape of -he particles are angular as opposed 
to rounded. The high fired materials have been identified by X- 
ray as Zn2T10^, with perhaps 2 co 4% excess ZnO, which acid leach 
ing experiments have also shown. A 1050 °C firing produces a 
material (Figure 3.11) which no longer has the fine, submicron 
particles exhibited by the 900°C Zn 2 TiO^ material (Figure 3.10). 

The average particle size for the 1200°C material (Figure 3.12) 
is even greater. For the 1400"C powder (Figure 3.13), the 
particle size appears to be in the range of 2 to 6p with evidence 
of "necking" between particles. The spherical nature of the 
particles suggests an approach to a minimum surface energy state. 

This review has presented the morphologies of the various 
powders produced via the coprecipitation process as a function of 
heat treatment temperature. These observations are summarized 
in Table 3.6. 
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Figure 3.9 MICROSTRUCTURE OF 700^0 FIRED 
MATERIAL (LH-52(6) ) 
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Figure 3. 12. MICROSTRUCTURE OF 1200°C FIRE D 
MATERIAL aH-102 (6-12)_) 
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Table 3.6 

SUMMARY OF SEM ANALYSES OF PIGMENTS PREPARED 
gR5R~ TOlE5t?t*rAfteD ~0iaiATEnp'R£cuRSl5Rg~TCQ^ 


COP Materials 

Particle Size 

Comments 

As Precipitated 

SM-5p 

Needle- like, as well 
as equiaxed shapes . 

600°C/2 hrs 

SM-5y 

Agglomeration, caking 
effect . 

600°C/2 hrs + 
900°C/8 hrs 

SM-5p 

Rounding of particles , 
less agglomeration 
than 600°C material. 

600“C/2 hrs + 
1050 “C/ 2 hrs 

l-5y 

Some necking between 
particles. No 
evidence of submicron 
material . 

600 “C/ 2 hrs + 
1200“C/2 hrs 

2-5y 

Moderate necking, 
rounded particles, 
no sharp edge effects. 

600*^0/2 ars + 
1400 ®C/L min. 

2-5y 

Strong necking. 
Further rounding of 
particles . 


SM = submicron 

3.2.8 COP Materials for Other Laboratories 

Approximately four pounds of Zii2Ti0^ were produced by the 
COP method and forwarded to Stanford Research Institute (SRI) for 
their study: 1200 grams of LH-111(6-12) to Mr. Eldon Farley, for 

plasma annealing studies, and 600 grams, to Dr. Kenneth Sancier 
for surface treatment experiments. 

The precipitate was prepared in four batches of approxi- 
mately 1200 gms. each. These batches were designated as LH-107, 
LF-108, LH-109, and LH-110. 
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Precalcination (600 “C) was conducted on the combined batches 
of LH-107 + LH-109, and on those of LH-108 + LH-110. The final 
1200 “C calcination was performed in one large batch to produce 
about 2000 grams of Zn 2 TiO^ pigment. This was designated as LH- 
111(6-12), i.e., the material furnished to SRI. 

3 . 3 DECOMPOSITION STUDIES 

Coprecipitation by reacting two chloride solutions with 
oxalic acid can produce a single compound such as in the case of 
BaTiO(C20^)2-4H20 (Ref. 3.9). Our material is, as described earlier, 
a mixture of zinc oxalate and "TiOX". In efforts to define more 
clearly the precipitation and thermal conversion processes, studies 
were conducted with the individual zinc and titanium precipitates 
as well as with the coprecipitated material. 

Experimentally, powder samples of zinc oxalate, "TiOX”, or 
the mixture were heated at temperatures from 120° to 700°C for 
two hours each. Each sample was heat treated using direct inser- 
tion into, and removal from, the furnace at temperature, in order 
to minimize the effects of heat-up and cool-down. The results of 
the gravimetric analyses are tabulated in Table 3.7 and graphically 
illustrated in Figure 3.14. The appearance of the powders after 
heat treatment along with the results of X-ray powder pattern 
analyses are presented in Table 3.8. These results are discussed 
in the following sections . 

3.3.1 Zinc O x alate 

The zinc compound precipitate was clearly identified as 
ZnC20^.2H.^0 by X-ray analyses (See Figure 3.4). The thermal 
decomposition of zin' xalate to zinc oxi.de was determined by 
gravimetric analysis ^ be 57.2 - 57.47c weight loss. The cal- 
culated loss based on formula weights is 57.04%. The slight 
excess in actual loss may be attributed to adsorbed water. 
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Table 3.7 

:: WEIGHT LOSSES FOR ZINC OXALATE. "TiOX" AND 

i ! COPftfiGtPlTAW OXAlATeS AS A FUt^6TIC)t^ 6 f teMp^rature 


Temperature, °C 

7o Wt. 

Loss 


Zinc Oxalate 

"TiOX" 

Coprecipitated 

Oxalates 

120 

14.5 


4.8 

150 


8.] 


200 

18.4 

30.7 

15.8 

230 


42.2 


300 

19.0 

45.7 

28.0 

340 


44.5 


400 

36.7 

46.0 

53.4 

500 

57.2 

45.5 

53.5 

600 

57.3 



700 

57.4 

46 . 4 

54.0 


1 
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PERCENT OF INITIAL WEIGHT 
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TEMPERATURE °C 

WEIGHT LOSS VS TEMPERATURE FOR ZINC OXALATE, 
TITANIUM OXALATE AND MIXED OXALATES 


Figure 3 -14 
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Weight loss as a function of temperature (Figure 3.14) shows <_ 
slower rate of decomposition for zinc oxalate as compared to 
"TiOX". The weight loss up to SOO^C is probably loss of water of 
hydration. Calculations based on molecular weights show the water 
content to be 19.07,, a value to which the experimental determina- 
tions (Figure 3.14 and Table 3. 7) correspond well. Beyond 300'*C, 
a rapid weight loss is observed, and decomposition is complete 
by 500“C. 

X-ray analyses (Table 3.8) revealed the existence of an inter- 
mediate phase in the decomposition of zinc oxalate. The principal 
lines for this phase, termed the "X” phase are 3.70, 2.36 and 

O 

4.10A. "X" was also found in the lower temperature coprecipitated 

oxalate samples (200® and 300°C) . The intermediate decomposition 
products of zinc oxalate were rather curious in appearance. After 
the 400®C and 500°C calcinations, the material was gray and lumpy. 
Weight loss data show that this is the range where rapid decomposi- 
tion occurs. The converted zinc oxalate samples which had been 
calcined at 400°C to 700°C all displayed some coloration; however, 
the 600“C and 700 “C materials were much less agglomerated than 
the lower temperature materials. The gray to yellow coloration is 
probably due to small amounts of residual carbon produced during 
decomposition. The carbon is, of course, oxidized at higher 
temperatures. A similar effect has been observed by other in- 
vestigators with thorixm oxalate (Ref. 3.10). 

SEM acamination of the products at 400°C and higher (or 
those undergoing or having undergone decomposition) revealed an 
extremely fine particle morphology. This can be seen by com- 
paring the 300®C and 400°C materials in Figure 3. 15 Ths fine 
particle size persists also in the 500°C and 700°C p ...ducts, 
as .-shown in Figure 3.16. 
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3.3.2 "TiOX" 


The reaction of TiCl^ with H2C20^-2H20 in an aqueous medium 
yields a finely divided white precipitate which is designated 
"TiOX". X-ray analyses of this material revealed a well defined 
powder pattern (Figure 3.4). This material displayed a weight 
loss on conversion to Ti02 at 600°C of 45 to 467o which was re- 
producible from batch to batch. Thus, the molecular weight of 
"T5 appti z to be in the range of 145-148, averaging about 
147. The anticipated product in the reaction of TiCl^ with 
^2^2^^4 ^^^^2^4^ 2 ^ hydrate of it. However, the 

molecular weight of si ch a compound would be 223.9 or higher; 
thus "TiOX" is not a simple oxalate. Chemical analyses of "TiOX" 
samples have revealed caibon contents of 9.4 to 9.87o and a hydro- 
gen content of about 2.57». The closest chemical formula fit 
would be Ti(0H)2 (CO^) which has a molecular weight of 142. The 
balance between 142 and 147 can be due to water of hydration. 

The decomposition of "TiOX" appears to occur more rapidly 
than that of zinc oxalate (Figure 3.14). These data are based 
on a 2 hour hold at a particular temperature. A summary of heat 
treatment studies of "TiOX" subject to selected temperatures for 
varying times appears in Table 3.9. The particular temperatures 
were chosen on the basis of apparent changes in volatilization 
and/or decomposition behavior suggested by preliminary thermograv- 
analyses (Figure 3.17). 

The data (Table 3.9) show that after 48 hours at 150°C a 
weight loss of about 8.57. is obtained. The 4 hour weight loss of 
8.17o suggests that equilibrium is essentially reached in a much 
shorter time than 48 hours. Since the X-ray powder pattern of 
these two products is identical to that of unheated "TiOX", this 
initial weight loss can be attributed in part to physically 
bound water, since an anhydrous material would exhibit a different 
crystal structure from its hydrated form. The 230°C/5 min. pro- 
duct displayed an X-ray pattern identifiable as "TiOX". The additional 
weight loss, i.e., 17.47<, at 230°C vs. 8.57. at 150'’C, may be due to 
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Table 3.9 


HEAT TREATMENT STUDIES OF "TiOX" 


Temp . , C° 

Time 

Wt. Loss, 7o 

Phase Present (X-ray) 

150 

1 hr 

6.96 

"TiOX" 


4 hrs 

8.07 

"TiOX" 


48 hrs 

8.46 

"TiOX" 

230 

5 min. 

17.44 



1 hr 

39.93 

* 


2 hrs 

42.24 

Ti02 


4 hrs 

44.34 


340 

5 min. 

43.73 

Ti02 


1 hr 

44.43 



2 hrs 

44.46 



4 hr.s 

44.89 


500 

1 hr 

45.56 

Ti02 


4 hrs 

45.52 


700 

1 hr 

46.66 

Ti02 


4 hrs 

46.37 



Ti02 patterns in all cases ere anatase. Progressively greater 
crystallinicy and/or particle size was indicated with increasing 
temperature as reflected in sharper lines . 
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Temperature , 



additional water loss, to partial decomposition, or to both. The 
absence of titania X-ray lines does not rule out the latter, since 
the amount of Ti 02 may be insufficient or the Ti 02 may be too fine in 
particle size to yield a pattern. At longer times increasingly 
greater weight losses occur. An X-ray study of the 230°C/2 hr pro- 
duct showed it to be the anatase form of Ti 02 » and the broadness of 
the lines suggested a very fine particle size and poor crystallinity. 
The data for 340“C show that weight losses at this temperature are 
similar to those of the 230°C/4 hr., indicating no additional de- 
composition losses. At 500°C and 700°C, however, slight increases 
in weight loss were observed. This may be attributed to a complete 
oxidation of any residual carbon from the decomposition process, 
since such oxidation begins at about 400°C to 500°C. 

Macroscopic examination of the various decomposition products 
(Table 3.8)revealed a slight yellowing for the lower temperature 
(300°-500°C) materials while the 600°C and 700°C titanias are white. 
As in the case of zinc oxalate, this may be due to burning off of 
residual carbon. Unlike zinc oxalate materials, those derived from 
"TiOX" are all free flowing. Micros tructural examination of these 
materials revealed no significant changes in morphology as the 
material decomposed to Ti02 (Figure 3.18-20). Although the higher 

temperature (500® and 700°C) titanias did show a greater uniformity 
in particle shape, they along with the lower temperature products 
were relatively heterogeneous in particle size as well as shape. 

3.3.3 Coprecipitated Materia l 

As pointed out in an earlier discussion, the coprecipitated 
material is a mixture of zinc oxalate and "TiOX" as confirmed in 
X-ray powder patterns (Figure 3.4). Weight loss on conversion to the 
oxides was of the order of 54 to 557o. The weight loss curve for 
the coprecipitate (Figure 3 .14) lies between the curves for the in- 
dividual components, reflecting their different rates of decom- 
position. Essentially complete decomposition has occurred at 
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SEM VIEWS OF "TiOX" AS 


PRECIPITATED AND HEAT TREATED 











Analyses of the various products by X-ray techniques show that 
at 500**C, a mixture of ZnO and Ti02 is present. A 600*C/ 2 hr 
heat treatment yields Zn 2 TiO^ plus ZnO in approximately equal 
amounts (judging from the" X-ray line intensities). A signifi- 
cant result is the “formation of Zn 2 TiO^^ xmder relatively moderate 
conditions, testifying to the highly reactive nature of the ZnO 
with TlOj and/or their intermediate compoonda formed in this pro- 
cess. 

The mixed oxalate samples calcined at the various tempera- 
tures are quite fine in particle size and do not display the 
aggregation shown by zinc oxalate sanq>le8. Samples calcined at 
600**C and 700*0 are white, although the lower temperature samples 
show some coloration, similar to che "TiOX" materials. 

In SEM examinations , these materials appear more hetero- 
geneous (Fig. 3-21) than might be expected from the appearance 
of the individual oxalate products. There also exist some com- 
paratively large particles. This may be due to Interrupted or en- 
hanced grain growth due to the intimacy of the two phases in the 
coprecipitated material. 

3.4 SYNTHESIS BY REACTION SINTERI NG 

The reaction synthesis method consists of a physical blend- 
ing of a compoxmd of zinc with a titanium conq>ound, followed by 
heat treatment of the mixture to form zinc orthotltanate . As is 
the case with coprecipitation, decomposable salt precursors are 
used, in order to exploit the highly reactive nature of nascent 
oxide surfaces formed at relatively low temperatures. This 
method offers potential advantages in closer control of starting 
weights of materials and hence, of stoichiometry: the use of 
salts such as carbonates, nitrates, etc.; and the ability to use 
indivldxially precipitated oxalate materials. The control of 
particle size of each of the components offers the potential of 
obtaining optimum particle size in the fired Zn 2 T 10 ^ product. 
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The reaction synthesis studies were concerned mainly with the 
use of oxalates as starting materials. Limited experiments 
were conducted with other precursors. The various studies are 
discussed In the following sections. 

3.4.1 Comparison of Mixed Oxalate (MOX) Processlt.., 

The objective of these studies was to determine whether the 
particle size of the precursor oxalates and the Zn 2 T 10 ^ product 
obtained from their calcination, could be controlled. The para- 
meters Investigated were calcination temperature and times of 
pretreatment of the coprecipitated (COP) material and of the 
mixed oxalate material. The various powders were processed 

as follows: 

1.) Control - oxalate mixture as coprecipitated, filtered 
and dried (designated LH-103). 2.) Homogenized - LH-103 ground- 

mixed using porcelain mortar and pestle to Improve mix uniformity 
and to reduce agglomeration (designated LH-103H). 3.) Compacted 

LH-103H coiiQ)acted Into one Inch diameter discs under 5000 psl to 
reduce agglomeration and enhance particle- to-partlcle Intimacy 
(designated LH-103C). 4.) Mixed oxalates - procelaln ball- 

milling of a T'ixture (to yield a 2.05 Zn0:1.00 T102/mol ratio) of 
Indlvldxially precipitated zinc oxalate and "TIOX” (designated 
MOX). Samples of these four sets of materials were calcined at 
600®C for 10 minutes, 1 hour, and 2 hours, by the flash calcine 
process, l.e., direct Insertion Into the furnace at temperature 
followed by removal after the prescribed time period. In addi- 
tion, saoq>les of each set were flash calcined at 1050 **C for com- 
plete conversion to zinc orthotltanate. 

The results of these studies are shown In Table 3.10. The 
weight losses for the different series calcined for 2 hours at 
600*C were quite similar, l.e., 53.6%(LH-103) , 53. 6%(LH-103H) , 
53.77.(LH-103C), and 53.87,(MOX). Since the MOX series samples 
were also carefully weighed to yield a 2.05 Zn0:1.00 TIO 2 mixture, 
these weight loss data suggest a close approach to this ratio 
for the coprecipitated materials. 



Ttie products were examined using X-ray powder pattern 
techniques to determine compositions. For the mixtures fired 
at 600**C, the results show the presence of zinc orthotltanate 
only In the compacted sample fired for 2 hours (LH-103(6/2) . 

The higher reactivity shown for this sample was probably due to 
the greater Intimacy between particles resulting from compaction. 
Previous studies conducted at 600® to 800 ®C with the coprecipi- 
tated powder had shown the formation of Zn 2 T 10 ^ at these tempera- 
tures when the heatup time to 600 ®C was about 1 hour. This 
suggests that for a flash calcination, the reaction threshold 
for COP materials Is somewhere between 600®C and 700®C. The 
X-ray studies revealed that all of the materials flrec at 1050®C 
had converted fully to Zn 2 TiO^. There is no evidence of any free 
ZnO, T102 or ZnTiO^ to the level detectable by X-ray. Interestingly, 
the mixed oxalate samples, In which particle Intimacy might be 
assumed to be poorer than In a coprecipitated material, show 
greater reactivity at 600“C as seen by the results for M0X(6/1) 
and M0X(6/2) . The reason for this greater reactivity may be due 
to a finer particle size for the MOX as compared o the COP 
materials . 

The various precursors and calcined products were examined 
using the SEM. The homogenization procedure, i.e., mortar and 
pestle grinding, did not appear to change the morphology sub- 
stantially as seen from the SEM views of IH-103 and LH-103H in 
Figure 3.22. On the other hand, the MOX material exhibited a finer 
particle size as seen In Figure 3.23. Also shown In this Figure 
are the Individual oxalates which appear somewhat coarser than 
after mixing (MOX) . This suggests that the ball milling does 
cause attrition, possibly In the breakup of agglomerates. 

Examination of calcined materials shows that the particle 
size differences between COP and MOX precursor materials are re- 
flected in the 600®C decomposition products. The microstructure 
of LH- 103 (6/2) and LH-103H(6/2) (Figure 3.24) were similar as was 
the case for their precursors (Figure 3.22). The appearance of 
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LH-103C(6/2) was similar to that for the other LH-103-based 
materials. The major departure was the microstructure of MOX(6/2) 
shown In Figure 3.25; the particle size of this material was signi- 
ficantly smaller than that of the (X}P-based materials. These 
particle size relationships also carried over to the Zn 2 T 10 ^ pow- 
ders produced at 1050*C as seen in Figure 3.26 and 3.27. ^e greater 
reactivity observed at 600**C for l^X may have resulted from the 
fine particle slze/hlgh surface area of the MOX material. 

These studies show that lfi}X materials are as reactive as COP 
materials and also that a potential exists for achieving a pigment 
of finer particle size. This leads to the MOX studies discussed 
in the following sections. 

3.4.2 Particle Size ("MOX" Process ) 

The mixed oxalate studies were conducted to determine If the 
particle size of the precursor oxalates and the Zn 2 T 10 ^ obtained 
from their calcination could be controlled. This Investigation 
was prompted by the observation that COP materials had a tendency 
toward agglomeration, which might be avoided through mixing of the 
individually precipitated zinc and tltanlxim oxalates. In these 
investigations, three sets of experiments were conducted leading 
to 3 batches designated: MOX. MOX-A and MOX-B. In the preceding 

section we noted that a finer particle size material was obtained 
with MOX as con^ared to COP materials, both for the precursors 
and the calcined materials. Based on these results, the "MOX" pro- 
cess studies were expanded to cover a broader range of calcina- 
tion conditions. Larger batches (645 grams) of MOX-A and (276 grams) 
MOX-B were used - in contrast to the 23 grams for MOX. The MOX-A 
materials had a Zn0/Ti02 ratio of 1.5:1. whereas the MOX-B and 
MOX had a ratio of 2.05:1. The lower ratio for lft)X-A resulted 
from a miscalculation of yield for the mixture. 
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SEM VIEWS OF COP MATERIALS CALCINED AT 
1050”C FOR 2 HOURS 
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MOX (6-10. :>) 


Figure 3.27. SEM VIEWS OF COMPACTED COP AND MOX 

MATERIALS CALCINED AT 1050°C FOR 2 HOURS 
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The heat treatments used for MOX-A and MOX-B were as follows: 


MOX-A: 900^*0 

1050 *C 
1200'C 

MOX-B: 900-C 

1050*C 
1200-C 


4, 8. and 16 hours 
1, 2, 4. and 8 hours 

0. 5, 1, and 2 hours 

4 and 16 hours 

1. 4, and 8 hours 
0.5 and 2 hours 


All samples were first pre-calcined at 600**C to remove volatiles, 
prior to the final flash calcinations listed above. 

X-ray analyses of MOX-A materials using both powder and 
diffraction pattern techniques show the presence of Zn 2 TiO^ in 
all samples. There is no evidence of any other phase such as 
ZnTiO^, ZnO, or Ti02* This observation is very significant; the 
1.5 ZnO/ 1.0 Ti02 ratio used should have resulted in a pigment 
with a substantial amoxint of free Ti02. Analyses of MOX-B 
samples yielded the same results. 

All sanq>les were examined using SEM techniques. MOX-A 
and MOX-B materials exhibited a particle size similar to that 
for COP materials (Figures 3.28 and 3.29). In contrast, the earlier 
MOX material calcined at 1050"C had a significantly smaller 
average particle size. In general the individually precipitated 
oxalates and the pigments obtained from these precursors possess 
a smaller average particle size than do those prepared in the 
COP method. This difference in average particle size may have 
resulted from the ball-milling enq>loyed to blend the individually 
precipitated oxalates. COP materials are not ball-milled. As 
pointed out earlier, the batch sizes of MOX-A and ^tt}X-B pigments 
were much larger than the original MOX batch. In the mixing pro- 
cess the ball charge was about 30 % for MOX and 15% for MOX-A and 

MOX-B. In addition, the ball-to-powder charge ratio was about 

/ 

1:1 for MOX whereas it was about 1:4 for the larger batch MOX-A 
and I^X-B. Thus, the smaller MOX particle size could have re- 
sulted from a more rigorous grinding. 
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Figure 3.28. 


SEM VIEWS OF OOP AND .MOX MATERIALS 
CALCINED AT 600°C/2hr. 
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3.4.3 Effect of Ball Milling 

To evaluate the effect of ball-milling oxalate precursors 
(i.e. , prior to calcination) on the particle size and optical pro- 
perties of pigments , samples of a COP precursor material and of a 
"MOX" material were subjected to a controlled ball milling experi- 
ment. The ball milling was accomplished using a ball-to-charge 
ratio of 1:1 and a ball milling time of 16 hrs. After ball-milling, 
the samples (LH-105BM and MOX-A BM) and the control (i.e. , non- 
ball milled) materials were pre-calcined at 600®C/2 hr and then 
calcined at 1200®C/2 hr. 

The ball-milled, uncalcined powders are somewhat finer than 
the non-ball-milled powders and have fewer agglomerates . For the 
pgiments prepared at 600®C the same relationship exists. For 
the 1200®C calcined materials, the differences are more subtle. 

In the ball milled samples, LH-105BM(6-12) and MOX-A BM(6-12), 
the larger particles were about the same size as those in the non- 
ball milled samples, i.e., about 3-5p. However, there was de- 
finite evidence of finer particles and of less necking for the BM 
samples, as compared tc the non-ball milled. 

These pigments were sprayed onto IRIF coupons as powders . 
Diffuse reflectance spectra were recorded in the spectral range 
325-2600nm. Figure 3.30 and 3.31 show these spectra in the 325-500nm 
range; the spectra of the powders in the 500-2600nm region was 
essentially flat. The pertinent data are as follows: 


Reflectance Values 

Pigment ^350 ^450 ^i-r Coating W t. g ms. 


LH- 105 (6-12) 

62.3 

81.8 

85.5 

.0454 

LH- 105 (6-12) BM 

62.7 

84.9 

89.0 

.0813 

M0X-A(6-12) 

62.3 

81.5 

86.0 

.0710 

MOX-A (6- 12) BM 

66.5 

84.9 

88.5 

.0836 


I 

I 

I 
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The reflectance levels in both the COP and MOX pigments were 
higher for the ball milled than for the non-ball milled, as shown 
in Figures 3.30 and 3.31. The obvious differences in the coating 
weights of the samples points to the possibility of higher re- 
flectance due to greater thickness. The increase in reflectance, 
however, was similar for the two materials, and the much higher 
coating weight difference between LH-105(6-12) and LH-105(6-12) BM 
did not result in a gross increase in any of the R valve?. There- 
fore, ball milling apparently does effect a real increase i/i 
reflectance . 

Pall milling parameters such as ball charge and bai o- 
powder ratio may be quite critical to the blending/ grinding pro- 
cess. Particle size reduction can be obtained by fairly rigorous 
milling conditions. However, optimum conditions for comminution 
have not been established in terms of their attained effects on 
reflectancr spectra and especially on reflectance stability to 
ultraviolet radiation. 

3.4.4 Zinc Oxalate Studies 

Studies were conducted to establish a procedure for the pro- 
duction of a finer particle size zinc oxalate. In early stud’ts 
a one hour nold at 90®C had been set as a "standard" precipita- 
tion condition for both zinc oxalate (ZnOx) and "TiOX". Pre- 
cipitation of the latter requires such a condition for complete 
reaction. The mixed oxalate ("MOX" process) studies had revealed 
the follow.ng: 

1. ) The reaction between ZnCl 2 and H2C20^ in aqueous 

solution at 90“C results in a precipitate of 
theoretical composition (Zn 2 C 20 ^. 2 H 2 O) and yield. 

2. ) The ZnOx precipitate obtained under these "standard" 

conditions is considerably coarser in particle size 
than the "TiOX". 
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In calcinations of ”MOX" materials, with all other 
conditions the same, the particle size of the fired 
product, Zn 2 TiO^, is directly related to the particle 
size of the precursor. 

A finer particle size ZnOx is desirable for two reasons: 
first, to obtain precursors of finer particle size and thus, 
also, of the fired product, and second, to obtain improved mix- 
ing of ZnOx with "TiOX". A closer match of the particle sizes 
of the ZrOx and "TiOX" should improve mixing characteristics, 
enhance their reactivity, and increase the uniformity in the 
reacted binary ''xide. 

Exper-mental work was directed toward establishing the condi- 
tions necessary for obtaining ZnOx of a fine particle size it 
was theorized that the fairly coarse size of ZnOx from a 90“C/1 
hr precipitation could result from nucleation and growth afforded 
by the relatively high temperature- long time conditions. Accordingly, 
precipitations were carried out \inder lower temperatures and 
abbreviated times as shown, in Table 3.11. Some of these reactions 
were also carried out in alcohol (rather than aqueous) media. 

Early worx In coprecipitation had shown that an extremely fine 
particle morphology could be achieved in an alcohol system. 

.3 . 4 . 4 . 1 Preparation Method s 

The ZnCl« solutions were prepared by dissolving 50 grams of 
reagent grade^ZnClo in 100 ml of H 2 O or in 150 ml of CH,0H. The 
reactions were observed to be exothermic. Oxalic acid solutions 
were prepared by dissolving 50 grams .2H„0 in 350 ml H.,0 

or in 350 ml of CHoOH. These dissolutions^are^endothermic . ‘^For 
experiments in ethanol and isopropanol media the amounts used 
were 25 grams ZnCl^ in 100 ml of alcohol and 25 grams HoCoO, .2H«0 
in 200 ml of alcohhl. ^ 2 k 2 

The ZnCl 2 solution was reacted with the oxalic acid solution, 
with the latter being 107o in excess of the amount theoretically 
required for complete reactic.i. Precipitations in a water medium 
were observed to occur rapidly, resulting in rapid opacification 
of the liquid. On cessation ot stirring, settling of the ZnOx 
occurred within about 10 minutes, leaving a clear supematatant 
liquid. 
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Alcohol precipitations exhibit somewhat different character- 
istics. In a methanol system, ZnOx Appears to form as very fine 
particles. This is evidenced in a translucaat (as opposed to 
opaque) appearance of the supernatant, and also by longer times 
for settling of the solids. In the cases of ethanol and iso-prop- 
anol, a gel- like precipitate formed rapidly upon addition of the 
reactants. The gelatinous nature of the precipitate caused it to 
remain in a suspended state in the eth£mol or isopropanol with 
little settling. The ZnOx was recovered by vacuum filtration using 
a Buchner funnel system. All precipitates formed in aqueous media 
filtered readily. Of those materials formed in alcohol media, 
particularly in methanol, all required re-filtrations of the fil- 
trate to completely recover the solids. This, of course, evidences 
the colloidal nature of these precipitates. All materials were 
washed thoroughly in water or alcohol (the wash mediijm was the 
same composition as the precipitation mediijm) , until a neutral pH 
was achieved in the filtrate, Tne final step was air-drying in an 
oven at 80 *C for 16 hours. 

3. 4. 4, 2 Characterization of ZnOx 

In characterizing the various ZnOx precipitates, data were ob- 
tained on phase identification (X-ray), precipitation yield, particle 
morphology (SEM) , and weight loss on thermal decomposition to ZnO. 
Analyses by X-ray techniques of precipitates obtained in water and 
in methanol media showed them to be ZnC 20 ^. 2 H 20 . 

The theoretical yield in the ZnCl 2 ^®®*^bion is cal- 

culated from a simple molecular weignt relationship, i.e., 1 mole 
of ZnCl 2 or 136.28 grams will produce 1 mole of ZnC20^.2H20 or 
189.42 grams. As shown in Table 3.11, a 100% yield was obtained 
in all of the aqueous media precipitations, includivig the 10“C 
experiment (ZnOx/10/60) . 





I ^ 

I i 

Alcoholic media result in low yields CTable 3.11). Experiments . 

were conducted to determine if ZnC 20 ^* 2 H 2 O might exhibit a limited I < 

solubility in alcohol. This was done by stirring ZnC20^.2H20 into 
various alcohols for one hour and weighing the dry powder before ! ^ 

and after this treatment. The results show no detectable 
solubility of ZnOx in methanol, ethanol, or isopropanol, thus rul- 
ing this out as a possible reason for the low yields. 

SEM photomicrographs show that precipitations conducted in 
water at moderate (room to 40®C) temperatures yield particles which 
are finer than those obtained at "standard", conditions i.e., 

ZnOx/90/60. The finest precipitate was that obtained in a n^thanol 
medium at room temperature (ZnOx/RT/M-SO) . ; 

3. 4. 4. 3 C alcination Studies 

Percentage weight losses on thermal decomposition of the oxa- 
late precursor to ZnO by calcination of 600“C/2 hrs are also listed 
in Table 3.11. The theoretical weight loss for this reaction is 
57.04%. As the data shew, the experimental values for the water 
precipitated materials are very close to the theoretical value. 

The alcohol precipitated materials exhibit calcination weight 
losses which are not as close, possibly due to an absorbed water 
effect. 

Photomicrographs of zinc oxide obtained by thermal composi- 
tion (600"C/2 hrs) of zinc oxalate are presented in Figures 3.32 
through 3.35. Among the precipitates, the methanol precipitate 
(ZnOx/RT/M-60) was clearly of finer particle size, and the 
"standard" precipitate (ZnOx/90/60) considerably coarser, than 
the other zinc oxalates. Among the calcined products, this 
size relationship does not hold for the methanol material, but 
the calcined "standard" material is significantly coarser. The 
materials are all composed of submicron particles with the largest 
size being about one micron. 
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a) No. 641 Zn0x/RT(6/.?) 


ZnOx/RT/60(6/2) lOKX 


SEM Views of Zinc Oxalate Precipitates 
Calcined at 600°C/2 hr. 
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Figure 3.33 


SEM Views of Zinc OxiLate Precipitates 
Calcined at 600°C/2 hr. 
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b) No. 642 ZnOx/RT/M-60(6/2) lOKX 


Figure 3.34. SEM Views of Zinc Oxalate Precipitates 
Calcined at 600“C. 
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b) No. 639 ZnOx/55/M-60(6/2) lOKX 


Figure 3.35. SEM Views of Zinc Oxalate Precipitates 
Calcined ar 600®C 





3. 4. 4, 4 Zn^TlO f^ Syathesls 

Zinc orthotltanate materials were synthesized by reacting 
the different zinc oxalate sources with the standard "TiOX" 

|»owder. f^ince the above described ZnOx powders were shown to be 
of finer particle size than the "standard" ZnOx precipitated at 
20*C/hr, a finer particle size zinc orthotitanate was expected. 

A simmiary of the e3q>erlments Is presented in Table 3.12. As 
an additional effort to obtain finer particle size materials, 
some of the "MOX" compositions were pre-calcined at 400°C for 
10 minutes and for two hours, and at 600°C for 10 minutes, in 
contrast to the standard pre-calcine conditions of 600®C for 2 
hours. In the decomposition studies (see Secirion. 3.3) it had 
been shown that decomposition of ZnOx-"TiOX" was essentially com- 
plete after 2 hours at 400"C. Therefore, a finer particle size 
material might be obtained under more moderate (than 600®C/2hr) 
pre-ca'cine conditions. 

Gravimetric analyses show that after an initial calcination 
at 400°C/10 min. , decomposition is incomplete as indicated by 
the wt loss of 22.27%. An additional weight loss of 31.25% 
occurred on subsequent calcination at 900°C for complete decomposi- 
tion. The other materials calcined at 400“C for a longer time 
(2 hrs) underwent essentially complete decomposition. Their 
subsequent weight losses of 1.147o and 1.17% upon calcining at 900"C 
were, however, significantly greater than the values of 0.20% or 
less for the other samples. 

Particle size effects are discussed briefly below, according 
to the three source groups: ZnOx/RT/60, ZnOx/10/60, and ZnOx/ 
Alcohols. A complete analysis of particle size vs precipitation 
parameters is given in IITRI Report C6233-52. 
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Z nOx/RT/60 - A 400*C precalcine temperature produces a 
coarser product than does 600*C. This is probably due to in- 
ccmplete decosposition at 400‘*C. Among the 900°C products, the 
materials ^ich had been precalcined at 600°C/2hrs appeared 
some%diat coarser than the others. This indicates that the use 
of more moderate precalcine conditions, i.e., shorter times or 
lower temperature, can provide a finer particle size pigment. 

All of the materials were agglomerated to varying extents. 

This may be alleviated by breaking up of such clusters after 
the precalcine treatment by ball milling, hand dispersion, or 
some other technique. 

ZnOx/ 10/60 - The difference in particle size as a func- 
tion of precalcine temperature also appears with these materials . 
The 900®C materials were relatively coarse, the particle sizes 
being larger than those for the previous group. Thus, the use 
of a low temperature (10**C) precipitated zinc oxalate does not 
appear to offer any advantages. 

ZnOx/Alcohols - The 900/2 Zn^TiO, pigments with alcohol- 
precipitated zinc oxalate as one of its precursors have finer 
particle sizes than those with a water-based ZnOx precursor. 
Again, agglomeration is fairly extensive, indicating the possible 
need for comminution of the precursor mixture. 

3.4.5 U se of Precursors Other Than Oxalates 

The precursor materials which received most extensive study 
were the oxalates prepared in our laboratories, since these 
materials could be obtained in an extremely fine particle state 
and in a high purity condition. A limited amount of work was 
devoted to examination of other precursor materials. Listed in 
Table 3.13 are a series o.f mixtures which were reacted at 1400"C 
in the rapid heat treatment method previously described. These 
mixtures were prepared by dry ball-milling with porcelain balls 
for 16 hr. 

The fired products exhibit varying states of agglomeration 
or sintering, ranging from a relatively soft (as in MOX-27) to 
extremely hard - "clinkers" - (as in MOX-25). From the limited 
experiments conducted, it is difficult to determine the cause 
for these differences. X-ray examination of the products showed 
Zn 2 TiO^ in all cases; however, very small amounts of uniden- 
tified phases are evident in the various samples. 


I 
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From this study, oxalates should remain the choice for ob- 
taining a pigment with the desired physical and optical properties. 
Because the full range of zinc and/or titanium precursors and their 
combinations have not been considered, nor calcination conditions 
fully explored, this area of study may require additional work to 
determine its full potential. 

3 . 5 STOICHIOMETRY STUDIES 

As discussed in Section 3.3.2, MOX-A has a 1.5:1 Zn/Ti ratio; 
it lacks 0.5 mole of Zn to be Zn 2 TiO^, but reveals no x-ray evidence 
of any phases other than Zn 2 TiO^. In order to investigate this 
anomaly, studies were conducted in which the Zn/Ti ratio was varied: 
first over the wide range of 0. 5:1.0 to 2. 5:1.0, and, later, over 
the narrow range of 1.90:1.0 to 2.05:1.0. These studies are de- 
tailed in the following discussions. An extensive discussion of 
the optical properties of these stoichiometry series pigments is 
presented in Section 4.7. 

3-5.1 Zn/Ti Ratio of 0.5/1 to 2.5/1 

The effects of widely different stoichiometries upon the 
optical properties of ZnOx/"TiCK'' mixtures fired at elevated 


temperatures 

were investigated. 

The compositions studied were 

as follows : 




Mol Ratio, 

Theoretical Composition 

Designation 

Zn/Ti 

Assuming ZnoTiO, Formation 

MOX-C 

0.5:/l 

Zn2TiO^ + 3 Ti02 

MOX-D 

1.0: 1 

Zn^TiO^ + 1 Ti02 

MOX-E 

1.5: 1 

Zn2TiO^ +0.33 Ti02 

MOX-F 

2.0:1 

Zn2TiO^ 

MOX-G 

2.5:1 

Zn 2 TiO^ +0.5 ZnO 


The individually precipitated oxalates were processed by 
ball-milling, then mixed according to the proportions indicated. 
Samples were precalcined at 600®C for two hours , and half of each 
sample composition was subsequently flash calcined at 900“C for 
eight hours, and the other half at 1200°C for two hours. A summary 
of the evaluation studies is presented in Table 3.14. 
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EFFECT OF STOICHIOMETRY ON PROPERTIES OF ZnO-TiO^ MATERIALS 
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3 . 5 . 1 . 1 X-Ray Analysis 

X-ray diffraction techniques were used to determine the 
chemical composition of the various samples. As shown in Table 
3.14 Zn 2 TlD^ is found to be the major phase in all sampleo cal- 
cined at 600®C and higher, while at 600“C zinc metatltanate 
(ZnTiO^) is present (in lesser amounts) as a second phase. 

These findings indicate that the reaction favors the formation 
of the orthotitanate in spite of a zinc deficiency (as in MOX-C, 
MOX-D, and MOX-E) . It has been reported (Rrf. 3.8) that forma- 
tion of the hexagonal metacitai.ate is favored when the T .102 is 
of the rutile crystalline modification or at least easily con- 
verted to rutile. Our work with "TiOX" has shown that anatase 
is formed from this precursor at about 300®C, and that it per- 
sists up to temperatures of at least 700°C. Therefore, Lhe 
lack of X-ray indicated presence of the rutile modification 
may account for the suppression of zinc metatitanate (ZnTiO^) 
formation in favor of Zn 2 TiO^. 

A third compound reported in the Zn0-Ti02 systt . 'ref. 3.8) 
is zinc sesquititanate , Zn2Ti20g. This compound a Lmple 
cubic phase having a lattice constant somewhat smaller than 

O O 

that of the face c ntered cubic Zn.^TiO, (8.359A vs 8.456A). 

The fact that both phases are cubic aid that the lattice con- 
stants are only slightly different result in almost identical 
d-spacing lines in the powder patterns. However, a simple cubic 
crystal (Zn2Tig0g) will exhibit a greater number of X-ray lines 
than a face-centered cubic material as in the case of (Zn 2 TiO^) . 
Such extra lines have been observed in the patterns of MCX-F(C), 
M0X-D(9) M0X-E(9), M0X-F(9), M0X-E(12), and M0X-F(12), indicat- 
ing the probable existence of the Zn 2 Tig 0 g phase in these 
materials. This is a qualitative and not a quantitative observa- 
tion. 


I 

I J. 


n I 
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The occurrence of Zii2Ti30g in M0X-F(6) , M0X-D(9) , and M0X-E(9) 
would appear reasonable In that M0X-F(6) is not completely reacted, 
and H0X-D(9) and M0X-E(9) are zinc deficient compositions. M0X-F(9) 
and M0X-F(12), however, have Zn/Ti ratios of 2:1 so that the X-ray 
indication of Zn2Ti20g along with a negative indication of ZnO 
(except in I«)X-F(6)) is somewhat puzzling. In addition Dulin 
and Rase (ref. 3.7) reported that Zn2Tig0g is transformed to Zn2TiO^ + 
Ti02 at 1000*C, and thus the existence of Zn2Tig0g in M0X-E(12) 
appears anomalous. The more detailed studies which were performe . 
subsequently suggest that this is the actual behavior and that the 
formation of Ti02 in moderately Zn-deficient materials should not 
be expected. The 900°C results, discussed below add further 
evidence to this finding. A third phase, ZnO, was detected in two 
of the 600®C materials, M0X-F(6) and M0X-G(6) , probably because 
at 600®C/2hrs the reaction is not complete. The lack of any 
detectable Ti02, however, may be due to its presence as extremely 
fine crystallites which would not be within the sensitivity range 
of the X-rays. 

At 900°C, Zn2TiO^ is the major phase in all samples - but 
with evidence of some Zn2Tig0g. The metatitanate , ZnTiOg, was 
observed only in M0X-D(9), suggesting that its conversion to the 
orthoti tanate had occurred in the other samples. A very important 
observ-tion is that M0X-E(9) does not contain any Ti02 phase. 
Relative to Zn2TiO^, the 1.5 to 1 ratio of Zn to Ti for MOX-E 
would suggest an excess of TiO/,, but none was detected. The 
same observation was made in the case of MOX-A, which is of a 
similar composition. As discussed later, this absence of Ti02 
is confirmed in the optical properties analyses. 

At 1200“C, M0X-C(12) and M0X-D(12) show excess Ti02 as 
would be expected from their zinc deficient compositions. As 
was the case at 900°C, the MOX-E and MOX-F samples show only 
Zn2TiO^ - no Ti")2- The zinc excess in the MOX-G composition 
shows up clearly as ZnO in the x-ray analysis . 
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3. 5. 1.2 Gravimetric Analysis 

Upon thermal conversion, all samples calcined at 600®C under- 
went weight losses of 45 to 48%, corresponding to calculated 
theoretical decomposition losses. Weight changes were also deter- 
mined for material calcined at 900° and 1200°C, and these data 
appear in Table 3.13 and are graphically presented in Figure 3.36. 
The data show the highest weight loss, about 1% for the K0X-C(12) 
material. A minimum can be observed for MOX-E and MOX-F materials, 
and a slight increase for the excess zinc MOX-G samples. There 
does not appear tc be a strong difference between losses at the 
two temperatures. The observed minimum suggests that materials at 
or near the stoichiometry of Zn 2 TiO^ exhibit the smallest weight 
losses. The MOX-E and MOX-F samples also show a strong predominance 
of Zn 2 TiO^. The higher weight losses occur in those materials in 
which Ti02 or ZnO was detected. Thus, weight loss appears related 
to completeness of reaction. 

Note that the weight losses were quite small, indicating very 
limited volatility for either the excess Ti02 or ZnO. The facts 
that the Ti02 shows up as a very minor phase (in X-ray patterns) 
in M0X-C(12) and in M0X-D(12), and not at all in MOX-E (12) in which 
a 0.33 mol excess of Ti02 should exist make it clear that various 
Zn 0 .Ti 02 or titanate complexes are favored over the formation of 
Ti02 in uiixtures which are moderately Ti-rich relative to ZP 2 TiO^. 

3 . 5 . 1 . 3 S EM Analysi s 

Examination of SEM photomicrographs of the materials calcined 
at the three temperature levels have reveal the following: 

At 600°C: 

1. All samples heterogeneous; agglomerates and discrete 
particles with a range in particle size and shape. 

2. Trend toward finer particles and less agglomeration 
with increasing Zn/Ti ratio. (See Figures 3.37 and 
3.38). 
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% WT LOSS 



Zn/Ti RATIO 


Fig. 3. 36 % WEIGHT LOSS VS STOICHIOMETRY OF PRECALCINED 

PIGMENTS 
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MOX-C (6) :0.5Zn/lTi 


3000X 


SEM Views of MOX Stoichiometry Series Samples 
Calcined at 600®C/2 Mrs. 








10 



a) 575 MOX-F(6) :2Zn/lTi 3000X 



Figure 3.38. SEM Views of MOX Stoichiometry Series Samples 
Calcined at 600'C/2 Mrs. 
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At 900*C: 


Similar trend in particle size and state of 
agglomeration. )^X>G(9) appears to have 
particularly fine particles. 

All samples contain submicron particles. Largest 
particles, about 2u- (See Figures 3.39 and 3.40). 


At 1200" C 

1. All saiiQ>les show necking and sintering of particles. 

2. Particle size is significantly great 3r than for the 
900*C samples. M0X-C(12) and M0X-D(12) contain 
some submicron particles. M0X-E(12), M0X-F(12), 
and MOX-G(12) , about l-5y. 

3. M0X-C(12) and l«)X-D(12) particles exhibit sharper 
edges, whereas the others have rounded edges. 

The necking appears weaker for M0X-C(12) and 
M0X-D(12) compared to the others. (See Figures 
3.41 and 3.42). 

3. 5. 1.4 Summary 

The most significant result of these experiments was the 
conclusion from X-ray data that relatively pure, single phase 
Zn 2 TiO^ is produced over a wide stoichiometry range of Zn/Ti 
mole ratio, viz., from 1. 5:1.0 to 2. 0:1.0. This is difficult 
to understand for the 1.5:1 ratio since a definite excess of 
Ti02 (0.33 mols) should exist. However, the optical spectral 
also contain no evidence of free Ti02 in MOX-E material. This 
is consistent with and confirms identical observations made in 
the case of MOX-A materials. Reflectance spectra suggest a pure 
Zn 2 TiO^ for MOX-E (12) and a somewhat less pure material for 
MOX-E (9). Detailed analyses of optical data appear in section 
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a) 587 M0X-C(9) Zn/Ti = 0.5:1. 0 


■^nnnx 


b) 586 MOX-DC9) Zn/Ti = 1. 0:1.0 


3000X 


3000X 


SEM Views of MOX Stoichiometry Series Samples 
Calcined at 900®C/8 Hrs, 


Figure 3.39 



M0X-F(9) Zn/Ti = 2. 0:1.0 


578 MOX-G(9> Zn/Ti = 2. 5:1.0 


3000X 


Figure 3.40. SEM Views of MOX Stoichiometry Series Samples 
Calcined at 900“C/ 8 Hrs. 
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Figure 3.41. SEM Views of MOX Stoichiometry Series Samples 
Calcined at 1200“C/?. Hrs. 
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4.7. Gravimetric data also show that the weight loss encountered 
at SOO^C (i.e. , 0.207a) is much too small to indicate a loss of 
material such as T102- Furthermore, the vapor pressure of TIO2 
at these ten^eratures is far too low for any volatilization to 
occur, which might otherwise explain this absence. 

The stoichiometric compositions of the pigments arc very un- 
likely CO differ significantly from those experimentally designed: 
thus, a composition in which the Zn/Tl mole ratio in the "oxalate" 
precursor mixture is 1.5: 1.0, for example, should maintain through 
calcination. First of all, from the weight loss data we can 
argue very strongly against any substantial changes in theZn/Ti 
ratio upon thermal conversion of the oxalate mixture to the tltanate. 
Furthermore, the presence of the sesqui-titanate phase in some 
pigments raises the distinct possibility that the absence of Ti02. 
in the MOX-E material, for example, occurs because the formation 
of Zn2Ti20g is energetically favored. 

Zinc sesquititanate (Zn2Ti20g) has the same crystal struc- 
ture as ZnoTiO, , but it has a slightly smaller lattice parameter, 
a^, (8359A vs 8.456A). Since these compounds have such similar 
lattices, distinguishing them by X-ray analysis is difficult, 
particularly in fine powders where line broadening occurs. Care- 
ful analyses of the back-reflection patterns of the MOX-E pig- 
ments, except for a positive indication of ZnO, indicate the pre- 
sence of Zn2Tig0g. The presence of the sesquititanate and 
simultaneous absence of ZnO in all samples, except in MOX-F(6), 
further emphasizes the complex nature of the thermo- chemistry of 
the oxalate-titanate system. 

Our previous assumption, for the oxide-oxide reaction, that 
an excess ZnO composition of 2.05 Zn/1.00 Ti is necessary for 
obtaining Ti02“frec Zn2TiO^ (ref. 3. 3) obviously does not apply to 
the oxalate precursor methods. These studies show that Zn- 
deficient oxalate precursors with e Zn/Ti ratio of 1.5: 1.0, when 
calcined, will produce a material exhibiting, excellent reflectance, 
similar to that for a pure Zn2TiO^. MOX-A materials, however, 
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demonstrate poor stability to ultraviolet Irradiation In vacuum. 
From the results of MOX-A space simulation tests, we can reason 
that stoichiometries with a Zn/Tl ratio as close as possible to 
(but less than) 2. 0:1.0 would be Ideal, because they would re- 
sult In pigments with no ZnO excess, no TIO 2 excess, and a minimum 
of less stable tltanate species. 

3.5.2 Zn/Tl Ratio of 1.90/1 to 2.05 /1 

In light of the above observations, very definitive stoichio- 
metry studies, in which reflectance properties are correlated in 
terms of Zn/Tl ratios (in the production of Zii 2 TiO^) , were carried 
out. A closer approach to a 2. 0:1.0 ratio of Zn/Tl seems desir- 
able in that the ZnO "knee” in the absorption edge could be 

eliminated, thus resulting in a lower a pigment. 

s 

Experiments were conducted with four Zn/Tl ratios: 1.90:1.00, 

1.95:1.00; 2.00:1.00, and 2.05:1.00. Starting materials were 
"TlOX" precipitated under 90**C/1 hr conditions and zinc oxalate, 
40*C/1 hr. Mixtures were ball milled dry for 16 hours using a 
3 j% ball charge and a 50% total charge. Examination of materials 
after milling showed that some caking had occurred which could 
have resulted in poor mixing. 

The weight loss data are shown in Table 3.15. All of the 
oxalate mixtures (of each stoichiometry) were calcined at 600®C/ 

2 hr. One half of the :aixture was then calcined at 900 ®C/ 2 hr 
and the other at 1200 ®C/ 2 hr. 

3 . 5 . 2 . 1 X-Ray Analysis 

All of the stoichiometry samples were evaluated using X-ray 
analyses. Zinc orthotitanate was the major phase in all of the 
samples. The results can be summarized as follows; 

1. 600®C - Zn 2 TiO^ plus small amounts of ZnTiO^ and 
ZnO in all samples. No evidence of Ti02* 

2. 900 ®C - Zn 2 TiO^ with very faint evidence of ZnO in 
2.00:1.00 and 2.05:1.00 Zn/Ti samples, estimated to 
be less than 4%. No other phases. 

3. 1200*C - Same as 900*C. 
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3. 5. 2. 2 Gravimetric Analysis 

The weight losses for the various samples after a 600**C/1 hr 
calcination were somewhat higher than the theoretical values 
(Table 3.15). The theoretical values are assigned on the bt-js of 
a 57.04% loss In the reaction ZnC20^ . 2H20^Zn0 , and of a 46.737. 
loss In the reaction "TlOX"— ~^-^T102 • The Increasing trend In 
weight loss with higher Zn/Tl ratio, both for the theoretical 
and actual data, Is consistent with th«^ greater weight loss for 
the zinc component, 57.0<!% (vs. 46.737. for the tltarlum component). 

Very small weight losses occurred following the 900*^0 and 
the 1200°C calcinations. It can also be seen that the relation- 
ship of Increasing weight loss with Increasing .n/Ti ratio holds 
at these higher temperatures. These losses may be due either to 
thermil desorption of chemi-sorbed water and/or to completion of 
the decomposition process. The latter appears to be valid in 
view of the Increasing weight loss versus the increasing Zn/Ti 
ratio relationship. Water adsorption differences due to stoichio- 
metry changes are unlikely. 

3 . 5 . 2 . 3 S EM Analysis 

$ 

The particle sizes indicated by SEM photomicrographs of 
as-mixed materials are fairly large. This is most likely due to 
the zinc oxalate size of about 0.5-3 microns and also to some 
agglomeration which occurred during calcination. The materials 
after a 600®C/2 hr calcination were all extremely fine (sub- 
micron) in size. The diminution in size from a coarser precursor 
occurs when an oxalate (mixture) decomposes to an oxide with a 
stibstantial weight loss. 

Calcination of the 600"C precursor at 900*/2 hr and 1200“C/ 

2 hr to obtain Zn 2 TiO^ resulted in coarser particles. Whereas 
a fairly high portion of the 900“C materials is submicron in 
size, the 1200®C calcination process causes a noticeable growth 
of the pigment particles. There appear no submicron particles 
in the samples calcined at 1200**C. Accordingly we believe 
that a temperature lower than 1200”C may be required to retain a 
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population of submicron particles. Since in this preliminary study, 
we did not tise the finest particle size oxalates, this observation 
is not conclusive. 

3.6 NEW PIGMENT MATERIALS STUDIES 

The stability of ZnO and Zn 2 TiO^ pigment prompted an interest 
early in this program in other mixed oxides incorporating zinc 
oxide. The high extinction of ZnO should preclude the creation of 
ultraviolet-induced bulk damage in the second oxide, whether it 
be tied up as a conq;>ound or in solid solution. Other materials 
examined very early in th- program include a series of glass 
frits, which are the glassy precursors for enamels. In other 
studies at IITRI, the stability of enamels to ultraviolet-vacuum 
had been clearly established; with this background, a preliminary 
look at frits as potential pigments was deemed appropriate. De- 
tails of these studies appear in the following sections. 

3.6.1 ZnO-ZrO o System 

Studies of the Zn0-Zr02 systems have been made by von 
Wartenberg (Ref. 3.11) and by Dletzel (Ref. 3.12). The former has 
reported a melting diagram for this system exhibiting a flat 
"eutectic" at 1810“C. Dietzel, who investigated the system at 
tcii^v:ratures up to 1450®C, concluded that zinc zirconate does 
not exist as a congruent melting material. He found that there 
is no cubic structure at 1450*C, and, consequently, that ZnO 
does not behave as a stabilizer as does CaO, MgO, or ^20^. 

The possibility, however, exists for solubility of ZnO in Zr02. 

In order to determine the existence of "ZnZrO^" and/or 
the extent of ZnO solubility in Zr02s we conducted experiments 
to react the oxides at 1800' C. Mixtures of Zr02 (Wah Chang 
Reactor Grade- S) and ZnO (New Jersey Zinc SP 500) were dry- 
milled for 16 hours using porcelain balls. The three conq)osi- 
tions (Tible 3.16) were pressed into pelletn at 10,000 psi to in- 
siue powder particle intimacy, and fired at 180C®C, one in a 
slightly reducing (CO' atmosphere and the other in a static air 
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environment. The heating times to ten9>erature were 10 min and 
45 min, and soak times at ISOO^C were 30 min and 5 min respec- 
tively. The abbreviated heat treatments, both in heat-up and 
soak times, were employed to minimize loss of the zinc oxide 
through disproportionation. 


TABLE 3.16 

COMPOSITIONS FOR Zn0-Zr02 STUDIES 


Mol % ZnO 


wt \ ZnO 


Vol % ZnO 


25 

18.0 

50 

39.8 

75 

66.5 


18.3 

40.2 

66.9 


The samples fired under reducing (CO in graphite tube fur- 
nace) conditions revealed a black outerlayer and a somewhat gray- 
ish interior. The black surface probably resulted from carbon de- 
position during the firing. The 25 and 50 mol % ZnO samples 
appeared somewhat sintered whereas the 75 mol % ZnO sample was 
quite soft and friable. All samples exhibited delaminations, 
suggesting a gross loss of ZnO. X-ray analyses by powder pattern 
techniques revealed monoclinic Zr02 with no ZnO. 

Samples fired under a static air environment remained white 
and exhibited fairly good retention of physical dimensions. The 
weight losses for che sao^les are: 25 mol % - 4.6%: 50 mol 

% - 3.7%; and 75 mol % - 0.3%. The low value for the 75 mol % 

ZnO is probably due to its being somewhat cooler (approximately 
1700“C) during the heat treatment. Based on the starting weight 
percentages of 18.0, 39.8 and 66.5% (Table 3.16), it is apparent 
that ZnO was retained in all three compositions. Examination of 
the static air-fired materials using X-ray techniques reveals 
that the 25 mol % ZnO sample is mono :linic Zr02 with no ZnO; the 
50 mol % ZnO, monoclinic Zr02 plus some ZnO; and the 75 mol % 

ZnO, monoclinic Zr02 plus ZnO. The lack of ZnO line*: in the 25 
mol % sample contrasts with the weight analysis which indicates 
that the remaining ZnO content is 14.1 wt 7. in the fired 




sample, an amount which should have resulted In a ZnO pattern. 

Some of the ZnO may have gone into solution In the Zr02 lattice. 
From the preliminary x-ray analysis, however, no lattice shift 
was observable. 

3.6.2 Ultravlolet-Vacuian Irradiation Studies 

Twelve potentlally-stable vdilte pigments. Including the fired 
Zn0-Zr02 samples, were Irradiated In IRIF Test 1-43 at six suns In- 
tensity to a total ultraviolet exposure of 575 ESH. The pre- and 
post- test spectral hemispherical reflectance curves were studied 
to determine whether the materials have acceptably low solar ab- 
sorptances and whether they are sufficiently stable. Table 3.17 
lists the samples along with spectral reflectance values at se- 
lected wavelengths before and after irradiation. Solar absorp- 
tance values were not calculated since it is obvious that most of 

the materials are unstable and few have solar absorptance (c ) 

s 

values competitive with currently available stable systems. 

The untreated commercial materials, zinc borate, zinc silicate 

and zinc stannate (obtained from Alfa Inorganics) , exhibit high 

a values and, with the exception of zinc borate, poor stability, 
s 

Of the Pemco frits, only No. P-1A44P was reasonably stable. The 
frit, No. P-1805P, obviously is very attractive from the stand- 
point of its initial value, but can not be considered further 
because of its very poor stability. The IITRI zinc zirconate 
powders were prepared by a solid-solid reaction at 1800°C for 5 

min. They exhibited poor a values and serious instability. 

s 

After being subjected to brief purification and calcination 
treatments, some of the more promising materials from che test 
previously discussed were subjected to 1200 ESH in IRIF Test 1-45. 
Table 3.18 lists the pigments, their treatments, and the solar 
absorptance values . 
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Table 3.17 


SPECTRAL 

ULTRXVIOEET 


REFLECTANCE VALUES BEFORE AND AFTER 
TRRAPIATIOW^'OrNEW Plffl TO TH STERlAL S 



M 


T3 


"H — 

— 

2.6 

IITRI Zinc Zirconate 

Powders 







25 wt% ZnO/75 wt% 
Zr02 

78.9 

68.6 

89.5 

81.9 

92.8 

87.4 

93.2 

90.2 

93.7 

92.9 

95.9 

95.9 

97.2 

97.2 

50 wt% ZnO/50 wtX 
Zr02 

77.1 

65.0 

88.0 

80.2 

91.3 

86.9 

91.9 

89.3 

92.0 

91.5 

93.2 

93.2 

95.1 

94.5 

75 wt7. ZnO/25 wt% 
Zr02 

74.8 

63.8 

83.4 

75.7 

85.2 

80.6 

85.6 

82.6 

86.1 

84.2 

89.2 

88.8 

91.8 

94.5 

Untreated 

Commercial Materials 








Zinc 

Borate 

80.0* 

74.0 

81.0 

79.8 

80.8 

79.4 

80.2 

79.8 

88.2 

88.0 

70.5 

71.9 

50.7 

51.2 

Zinc 

Silicate 

84.0 

59.0 

82.3 

69.2 

79.9 

73.3 

78.0 

74.4 

74.3 

72.8 

69.5 

69.0 

62.0 

60.7 

Zinc 

Stannate 

80.5 

63.2 

87.0 

80.1 

88.8 

85.8 

89.2 

87.3 

87.2 

86.4 

67.3 

64.0 

49.8 

45.7 

Pemco Frits 
P-1805-P 

88.5 

72.0 

88.8 

81.2 

88.6 

84.7 

88.4 

86.6 

87.2 

87.2 

89.5 

88.6 

84.5 

84.5 

P-1P32P 

79.9 

65.5 

89.1 

80.5 

88.9 

84.5 

88.3 

86.0 

86.0 

85.3 

81.9 

81.9 

77.0 

77.0 

P-1A43P 

80.6 

70.6 

82.9 

79.0 

82.4 

80.7 

81.8 

80.9 

80.9 

81.0 

83.5 

83.5 

84.5 

83.9 

P-1A44P 

79.0 

72.0 

88.0 

85.3 

88.3 

87.0 

88.0 

87.6 

86.0 

85.7 

88.2 

88.2 

84.9 

84.3 


The spectral reflectance values before and after 575 ESH of UV 
irradiation are the upper and lower figures, respectively, in 
each set. 
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TABLE 3 . 18 



SOLAR ABSORPTANCE VALUES OF 
NEW PIGMENTS BEFORE AND AFTER 1200 

ESH 


Sample 

Solar Absorptance 
Initial 1200 ESH ^“s 

Untreated Zinc Borate 

0.203 

0.236 

0.033 

Zinc Borate, SOO^C/S hr 

0.232 

0.263 

0.031 

Zinc Borate, 700 ®C/ 8 hr 

0.287. 

0.336 

0.049 

Zinc Borate, 900 ®C/ 8 hr 

0.179 

0.244 

0.065 

Pemco Frits 

No. P-U43P 

0.233 

0.295 

0.062 

No. P-LV-i.4P 

0.179 

0.200 

0.021 

No. P-1A44P, 400*C/4 hr 

0.133 

0.180 

0.047 


3.6.3 Conclusions 

None of the new pigments tested received further consideration 
during this program because of their limited stability. Zinc borate, 
even though its initial properties greatly improve with a 900®C cal- 
cination, suffers severe degradation. The Pemco frits likewise have, 
or can be treated to have, good initial properties, but they lack 
ultraviolet radiation stability. In general, none of the new pigments 
tested, if made into paint systems, would compete successfully with 
available ZnO or Zn 2 TiO^ paint systems. 
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4. ENVIRONMENTAL TESTING 

4.1 INTRODUCTION 

Irradiation testing with simulated space radiations 
provides a means of evaluating experimental materials 
for space applications. Irradiation testing, the largest 
single program effort, affords us the ability to compare and 
evaluate the properties and performance of candidate materials 
and methods of preparing them. It also allows valuable 
insight into the mechanism by which they interact with 
radiations as well as, in many instances, a clear indication 
of the ultimate merit of a particular material or method. 

During the course of the program a large number of 
environmental tests were performed and a greater number of 
reflectance spectra taken. We believe that what we have 
elicited from these tests can be presented here without 
exhibiting all of the data obtained. We will present those 
data which best represent test conclusions , exemplify general 
observations of properties and performance of materials, or 
which have significant merit on their own. The bulk of 
the test data otherwise tend to be supportive. 

Much of the discussion about the properties and performance 
of candidate materials deals with the spectral reflectance 
of the samples before irradiation, after exposure (s) to one 
or more radiation sources, and, frequently, after exposure 
to oxygen (subsequent to irradiation) . 

Of all the tests performed on candidate thermal control 
materials, the most meaningful and most important are the 
simulated space radiation tests and their associated diffuse 
spectral reflectance measurements. Largely the irradiation 
tests are comparative; the unpredictable aging behavior 
of light sources , inherent measurement errors and many other 
considerations make absolute determinations of radiation 
exposure and other test parameters difficult and costly 
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beyond value. Although we attempt to operate every irradiation 
test such that realistic space simulation conditions prevail, 
it is also important to assure that the samples selected 
for any given test each "see" exactly the same environment. 

This condition validates intra-test results and makes them 
readily comparable. Consequently, many of our tests, 
especially in CREF, are designed to provide a maximum of 
comparative performance data, so that the effects of 
various pigment and binder preparation variables can be 
discerned. Comparison of inter -test results, however, is 
also entirely valid; one has only the uncertainty that exactly 
the same test conditions (if this indeed even be important) 
have been attained in all tests. The use of a control sample 
is called for in those instances in which direct inter-test 
comparison is essential. In essence, however, more confidence 
can be and usually is placed in the comparison of data 
resulting from a single test than in the comparison of data 
from separate tests, even with adequate control sample data. 

4.2 INTERPRETATION OF SPECTRA 

This report contains a considerable nxjmber of reflectance 
spectra. Let us explain their purpose and significance 
as well as what to look for in analyzing them. The task 
of analyzing reflectance spectra requires a considerable 
knowledge of coatings technology. The most significant 
information is derived by comparing the "before" and "after" 
curves of a given sample, and by noting the magnitude of 
induced changes and their spectral locations . Since it is 
neither practical nor entirely necessary to assure that each 
and every experimental coating is thick enough to be opaque 
at all wavelengths of interest, the possible differences 
in thickness between samples must be taken into account 
when comparing test results. Many of the coatings in- 
vestigated are powders, i.e., thin films of pigments on test 
coupons and, depending upon pigment preparative conditions, 
the maximum attainable thickness may not produce optical opacity. 
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Figure 4-1 Illustrates several spectra of Zn 2 TiO^ 
pigments and we will discuss their meaning here in a general 
way. These curves, though arbitrarily drawn, are nevertheless 
quite typical. Our discussions and analyses of them 
exemplify those of actual test data, but are not intended to 
take the form of conclusions or summaries of results . The 
curves, labelled 1 thru 3, each display characteristics S-band 
damage in the 900 nm wavelength region. The dashed curves 
represent the spectra after UV irradiation. In one case 
(No. 1) we have also shown the oxygen bleach spectrum. 

The spectra of pigment No. 1 indicate a large pigment 
particle size because the maximum reflectance apparently 
occurs at a wavelength beyond 2600 nm. Pigment No, 2, from 
ail analysis of its initial reflectance, appears to have 
suffered a major loss in reflectance in the 900 nm region 
(S-band) as a result, perhaps, of some processing condition. 

The third pigment apparently has a very small particle size, 
as determined by the steady reflectance loss with increasing 
vxavelength. All Zn 2 TiO^ pigments have high reflectances 
in the near UV region because of the high index of refraction 
of Zn 2 TiO^ near the fundamental absorption edge. The shape 
of the reflectance curve in the 350-450 nm region is determined 
by a rapidly increasing index of refraction with decreasing 
wavelength and a steep increase in intrinsic absorption 
as the fundamental band gap energy is approached. The 
spectra of the first pigment reveals the possible; presence 
of excess ZnO. Those of pigment No. 2, however, virtually 
prove its presence with the appearance of the characteristic 
free carrier absorption (in the i-r) . 

The exact value of i.e., the wavelength of the "knee" 
of the curve, provides a further indication of whether the 
absorption is due to ZnO, or some other strong UV absorber; 
the value of (at ^ = X^) provides an indication of 
how much is present. Thus the shaded area below X^ represents 
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loss in reflectance due to such an absorber. The top 
(dotted) curve is the spectrum of pure Zn 2 TiO^. The 
shaded area illustrates, from an engineering point of view, 
the importance of this region to a , but more importantly 
it underscores the tremendously valuable information available 
through analyses of the spectra in this region. 

We observe that Zn 2 TiO^ pigment frequently degrades 
by induced S-band absorption, i.e., a reflectance decrease 
in the 900 nm region; "damage", (i.e., environment -induced 
reflectance decreases), also occurs at shorter wavelengths. 

In some cases UV- induced damage at wavelengths greater than 
2000 nm results. 

Zn 2 TiO^ paints also exhibit damage highly characteristic 
of their pigments. This is because the environment- 
induced damage in the 01-650 paint binders centers at 
wavelengths shorter than 300 nm. Consequently, the strong 
absorption of Zn 2 TiO^ below 350 nm will inevitably mask the 
damage to the binder. In severe cases binder damage does 
become evident as an anparent broadening of the fundamental 
absorption band of Zn 2 TiO^. The spectra also make it obvious 
when the 01-650 binder sensitizes the pigment surface, 
causing greater S-band damage (at 900 nm) than occurs in the 
pigment alone. From the effects of O 2 bleaching on paints 
and pigments , we have a direct measure of pigment surface 
passivity. In untreated pigments, the response to O 2 , 
after irradiation, inversely relates to pigment surface 
inertness, whereas for treated pigments this response provides 
a measure of the effectiveness of encapsulants on chemical 
treatments . 

Ultimately, of course, we seek to develop a pigment- 
binder system which totally resists environmental damage. 

The analyses of spectra are therefore aimed at identifying 
the basic causes of degradation and at eliminati.ig them 
without in the process creating others. Our philosophy 
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in these analyses Is that the major effort should be to 
eliminate bulk optical damage, evidenced primarily In the 
visible region, because whatever surface Instability remains 
or Is created can, at least theoretically, be effectively 
overcome by surface chemical treatments - encapsulants . 

4.3 EQUIPMENT AND FACILITIES 

Irradiation with simulated space radiation, both electro- 
magnetic and massive (particulate) Is accomplished In IITRI's 
two space simulation systems - IRIF and CREF. The facilities, 

UV sources. Standard Operating Procedures, test terminology 
and sample notation scheme are described below. 

4.3.1 Irradiation Facilities 

The IRIF, an acronym for "In-Situ Reflectance/ Irradiation 
Facility" is a multiple-sample ultraviolet-simulation facility 
possessing in-situ hemispherical spectral-reflectance-measure- 
ment capabilities. CREF (Combined Radiation Environment 
Facility) is basically an IRIF to which has been mated a 
solar wind simulator and several other specialized equipments. 

Toe basic measurement in both facilities is that of diffuse 
spectral reflectance in the 220 - to 2600 nm wavelength 
range. These facilities are described fully in Reference 
1, but some pertinent information is provided here. 

Both facilities incorporate an integrating sphere, patterned 
after one described by Edwards et. al. , (Ref. 4.2), and modified 
for use with the Beckman DK spectroreflectometers . The 
integrating spheres normally operate in vacuum. A sample 
transfer mechanism, during irradiation, maintains each sample 
in contact with a temperature-controlled sample table. The 
transfer under high vacuum of any sample to the integrating 
sphere for measurement and its subsequen*" return to the sample 
table for continued irradiation are routine operations. 

CREF differs from IRIF in that CREF has a multiple source 
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housing adaptor which permits simultaneous ultraviolet, 
proton, and electron Irradiation. CREF also has a gas 
adsorbate adaptor that permits samples to be exposed to 
various test gases (after Irradiation exposure) at pre res 
ranging from 10"^ torr to several atmospheres (accurately 
measurable at p>10“^ torr). IRIF has no provisions for 
adsorbate pressure measurements. Both facilities are pumped 
with 400 liter/ sec Ion pumps and are rough-pumped with 
cryo-sorptlon pumps. The solar wind simulator has auxiliary 
Ion pumps. 

A photograph of the CREF and CREF laboratory Is presented 
In Figure 4.2 and components of this facility are shown 
schematically In Figure 4-3. Figure 4.4 Is a top vlev of the 
sample table In both IRIF and CREF. 

4.3.2 yi^ a vlolet Sources 

Because of a number of factors, primarily economical 
operation, the 1000 watt A-H6 lamp (Pek, Inc.) is widely 
employed as an ultraviolet radiation source. Its high 
ratio of ultraviolet to total (radiant) energy permits 
accelerated ultraviolet testing at several equivalent 
solar factors (based on total ultraviolet only) without sub- 
stantial sample heating. The intensity spectrum of a new 
source is shown in Figure 4-5. Accelerations of 10 equivalent 
solar factors are easily achieved with an A-H6 lamp (compared 
:o a maximum of about 4 to 6 for 5-kw mercury-xenon sources 
and about 1.5 for 5-kw xenon sources). The A-H6 is utilized 
primarily with IRIF. For CREF irradiations, 5000-watt 
Hanovia burners, both xenon and mercury-xenon, are employed. 

Its radiant intensity spectrum is shown in Figure 4*6. The 
advantage of these burners over mercury-argon sources are 
the intensified emissions of ultraviolet radiation in the 
200- to 230 nm wavelength region, ar.d a closer match to the 
solar ultraviolet intensity spectrum. Their principle dis- 
advantages are initial cost and comparatively short lifetimes. 
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4.3.3 Test Procedures 


Standard Operating Procedures, in both IRIF and CREF, 
requires that, after pump-down, the samples be heated with 
warm water to remove gross volatiles (if any) . Immediately 
prior to and during irradiation cold water is supplied to 
the sample cooling table. While still under high vacuum, 
diffuse spectral reflectance measurements are then taken 
of each of the test samples in the spectral range from 325 - 
2600 nm. Such measurements are repeated after each prescribed 
test interval - after exposures of, say, 500, 1000 and 
2000 ESH - and, if called for, after an oxygen bleach. 

In CREF operations the test intervals may be specified in 
terms of EWH (equivalent wind hours ) , particularly when the 
test is "p'*’ only". 

Unless otherwise indicated, the following conditions 
may be assxjmed in all IRIF and CREF tests. UV irradiation 
rates are 6 sxins at the sample location in IRIF tests, 
and an A-H6 source is used; for CREF tests, a Hg-Xe source 
is normally used and is operated to provide a nominal 4 sun 
intensity at the sample location. Correlations of lamp 
intensity with distance of source to sample are used to set 
the desired intensity (sun) level. The output of each source 
is monitored and recorded. Simulated solar wind irradiations 
(in CREF) are conducted using analyzed 1200 eV protons. These 
fluxes (uncorrected) likewise are monitored and recorded. 

The true proton fltix is read at least two times a day by 
shielding the samples from the UV source and then manually 
reading the p flux of a pico-ammeter connected to a Faraday 
cup located near the samples. In this way the UV- induced 
photoelectron current is nullified. A correction lor 
secondary electron emission from the Faraday cup, however, 
is not made at proton energies less than 1500 eV, since 
experiments here have shown that the correction is less than 
107o. As with the IRIF the CREF .;ill accommodate 12 samples, 
but, b ::ause of the geometry of the multiple source adaptor, 
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only four samples can be irradiated with protons. 

In some tests we perform an ©2 bleaching experiment. 

This siaq)ly means that, upon completion of the post-irradiation 
reflectance measurements, the system (IRIF or CREF) is backfilled 
with research grade oxygen and the reflectance measurements 
are repeated. 

4.3.4 Terminology 

Perhaps the most important aspect of environmental 
testing, aside from questions of its validity with respect 
to space flight conditions, is terminology. The vocabulary 
and the notations we employ in subsequent discussions have 
fairly common meanings within the field of thermophysics . Neverthe- 
less , we believe the reader should consult the glossary (Section 
9.0) regarding the definition of most of the technical terms 
used in this report. Therq are, however, some non-standard 
notations and some in-house terminology which deserve 
ao^lification prior to any discussions of environmental test 
resi^lts . 

4.3.5 Sample Notation 

Except where specifically and otherwise indicated, all 
pigments are zinc orthotitanate , and all binders are either 
Owens-Illinois 650 "Glass” resin, or an IITRI modification 
of that resin, or Sylvania Electric Go's potassixjm silicate, 

PS-7. Regardless of actual stoichiometry all zinc orthotitanate 
pigments arc designated Zn 2 TiO^. Commercial Owens-Illinois 
650 "Glass" resin is designated 01-650, or, simply 01. 

IITRI 's modification of 01-650 is designated 0I-650G or, simply, 

G. 

A notation scheme has been developed which greatly facilitates 
the identification of Zn2Ti0^ samples. The basic scheme is: 

Pigment (chemical and/or chermal treatment) : Encapsulant/ 

Binder, The designation, for instance Zn2TiO^(A-10-12) :K2Si02/G 
thus refers to an OI-650G paint incorporating a Zn2Ti0^ pigment 
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which was acid leached (A), calcined at 1000 (10), and re- 
calcined at 1200“C (12) , and then encapsulated in potassixun 
silicate (:K2Si02). The notation also indicates the sequence 
of treatments. For plasma calcined pigments, for example, 
the notation Zn2li0^ (Plasma) : K2Si02 and Zn2Ti0^:K2Si02 
(Plasma) refer, respectively, to a pigment which was first 
plasma-calcined and then K2Si02-encapsulated and to one which 
was encqjsulated in K2Si02 and then plasma-calcined. 

Although not usually used in the notation scheme, the 
actual source of Zn2TiO^ is indicated by such notations as 
SS, COP or MOX; when appropriate, specific batch numbers, 
such as LH-106, are used. SS, COP and MOX designate pigments 
obtained, respectively, from the solid state, oxalate co- 
precipitation, and mixed oxalate methods. This notation 
precedes the pigment designation, as in (SS)Zn2Ti0^ :K2SiFg/PS-7 . 

The text will identify the materials more closely, especially 
with respect to the preparation method and temperature/ treat- 
ment schedules. The latter are always exoressed in °C, and 
the notation indicates the schedule of temperature/time 
(in hrs). M0X(6/1.5) thus denotes a Zn2TiO^ pigment prepared 
from mixed oxalate precursors by calcining at 600°C for 1.5 hrs. 

4.4 ENVIRONMENTAL TEST DESCRIPTIONS - PART I 

The reports on environmental tests appear in a three 
part series. Part I pertains to SS pigments, i.e. , those 
prepared from oxide precursors. Parts II and III pertain to 
pigments prepared from oxalate precursors - COP and MOX, 
respectively. Tests are available in the appropriate triannual 
reports which are referenced. 

4.4.1 CREF Test No. 5 

4. 4. 1.1 Purpose/Description 

CREF Test No. 5 (Ref. 3) was designed to compare the 
effectiveness of three encapsulants of Zn2TiO^ - potassium 
silico-tungscate , potassium silico-f luoride and potassium silicate. 
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In each case we also wanted to determine the protection 
afforded against Indlvlduial and combined UV and p"** environments. 
Ox-650 was exposed In order to determine Its response In 
In Individual and combined environments. 

4. 4. 1.2 Test Sequence 

After the Initial spectral reflectance measurements 

were made, proton, but no ultraviolet, Irradiation was Initiated, 

exposing samples No.'s 1-4 only, to a total fluence of 1.85 

X 10 p /cm . The spectral reflectance of samples No.'s 

1-4 was then measured, and also of samples No.'s 5-13 to be 

certain that changes or "spillover" effects had not occurred 

In the Interim. The samples were then rotated such that 

sample No.'s 5-8 were exposed to the proton beam; Irradiation 

of samples No.'s 5-8 with protons and of all samples with 

concurrent ultraviolet radiation was then Initiated. The 

ultraviolet exposure was 1325 ESH, and the proton exposure 
15 + 2 

was 2.0 X 10 p /cm (to samples No.'s 5-8). Spectral 
reflectance measurements were then made of sample No.'s 
5-12; no further measurements of sample No.'s 1-4 were performed. 

4. 4. 1.3 Discussion 

The materials tested and their pre-and post-test 
values are given in Table 4-1. 

4.4. 1.3.1 Code C-070, Zn o Ti0^ :Ko S10 j (Plasma) /0I-650 

This paint was prepared from a plasma-annealed pigment. 

The reflectance spectra are shown in Figure 4-7 and indicate 
that both the pigment and paint are stable to protons . 

Figure 4-8 shows the spectra for a paint irradiated with 
ultraviolet radiation, while those in Figure 4-9 show 
spectra for a paint irradiated with combined proton and UV 
radiations. The values for samples irradiated with 
protons only, ultraviolet only and protons plus ultraviolet 
are 0.002, 0.018 and 0.013, respectively. From Figure 4-7 
it is evident that protons have a negligible effect. The 
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Table 4.1 


RESULTS OF CREF-5, COMBINED RADIATION TEST OF 
(SS) ZINC ORTHOTITANATE PAINTS AND OWENS - ILLINOIS GLASS RES IN 



Sample 


Solar 

Absorptance Values 


No 

. Code® 

Initial 

p only 

p"** + UV^ UV only'^ 

ha 

s 

1 

C-070 

0.194 

0.196 


0.002 

2 

01-650 

0.455 

0.458 


0.003 

3 

C-068 

0.158 

0.204 


0.046 

4 

C-067 

0.181 

0.194 


0.013 

5 

C-070 

0.223 


0.236 

0.013 

6 

01-650 

0 423 


0.431 

0.008 

7 

C-068 

0.171 


0.227 

0.102 

8 

C-067 

0.184 


0.229 

0.045 

9 

C-067 

0.200 


0.231 

0.031 

10 

C-068 

0.179 


0.204 

0.025 

11 

C-070 

0.286 


0.304 

0.018 


^The code is as folio ’ 


C-067 Zn2TiO^:K2Si^W^2^40^-^^^^P^"^ 

C-068 Zn2TiO^:K2SiF^/PS-7 

C-070 Zn2Ti0^:K2Si02 (Plasma) /OI-650 

01-650 Thin film of Owens-Illinois "Glass Resin" on an 
Aluminum Coupon 

^1,85 (15) p'*'/cm^, no. UV. 

^2.00 (15) p^/cm^ + 1325 ESH (simultaneous) 

^1325 ESH, no p'*’ 


4-17 













V 




■w 


behavior indicated in Figures 4-8 and 4-9, however, is anomalous. 
The former shows considerable Infrared damage, similar to JnO 
degradation, as a result of an ultraviolet exposure, while, 
as the latter shows, a combined exposure produces slightly 
more overall damage, yet insignificant infrared damage. The 
somewhat greater degradation of the ultraviolet-irradiated 
paint compared to that of the same paint irradiated simulta- 
neously with protons and ultraviolet radiation, suggests 
proton- induced bleaching of ultraviolet-created defects. 

It is possible also tliat this latter sample received some 
spillover from the proton beam during the first (proton 
only) part of the test. In any event, the performance of 
this paint system is very good - a nominal degradation of 
0.015 after an exposure equivalent to that of approximate"' v 
0.25 year in space (based on full solar wind exposure and 
half-time solar electromagnetic exposure) . 

4.4. 1.3. 2 Code C-068, Zn o TiO^^ iK^ SiF ^ /PS-I 

Figures 4-10-12 present the spectra for samples irradiated 
with protons only (Figure 4-10), concurrent proton plus ultra- 
violet (Figure 4-11), and ultraviolet-only (Figure 4-12), 
with Aa values of 0.046, 0.056 and 0.025, respectively. 

o 

The sensitivity to protons versus that to ultraviolet is 
apparently the converse of that of the previous paint system: 
proton damage exceeds ultraviolet damage. (A similarity 
CO the Zn 2 TiO^ :K2Si02 (Plasma) /O-I 650 exists in the ZnO- 
llke infrared damage due to ultraviolet). The overall 
performance of this pigment, however, compared to other 
encapsulated pigment materials, is not satisfactory. 

4 . 4 . 1 . 3 . 3 Code C-067. Zn o TiO^ ^ 

The reflectance spectra are presented in Figures 4-13-i5. 

As in the case of TiO^ :K2SiF^/PS-7 , the effect of concurrent 

irradiations (protons plus ultraviolet) is greater than that 

of the individual radiations. Proton irradiation caused the 

leact damage (Figure 4-13), (Aa = 0.013); in combined proton 

s 

and ultraviolet radiation the Aa was 0.045 (Figure 4-14); and 

s 
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Figure 4-12 REFLECTANCE SPECTRA OF K.,SiF^- ENCAPSULATED 
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ultraviolet effects (Figure 4-15) caused a Aa of 0.031. 

The spectral damage in all cases is generally small and 
equally distributed over the entire spectrum, although 
ZnO-like infrared absorption appears more prominent after 
ultraviolet irradiation. The silicotungstate-encapsulated 
Zn 2 TiO^ pigments, nevertheless , are somewhat inferior to 
those encapsulated in potassium silicofluoride . 

4. 4. 1.3. 4 01-650 "Glass” Resin 

Two samples of 01-650 "Glass" Resin (O-I 650) were 

tested. The reflectance spectra of a sample which wa*' exposed 

to protons only and of another exposed to protons and UV are 

shown in Figure 4-16. Although solar absorptance is hardly 

a valid measure of degradation in this case, the Attg for the 

proton-only sample of 0.003 (a : 0.455 to 0.458) underscores 

s 

its excellent stability. Note that damage occurs mainly 
in the ultraviolet and infrared regions of the spectrum. 

The O-I 650 film which had been exposed to both proton 
and ultraviolet radiations also exhibits spectral changes 
which are very small and occur in the same spectral regions 
as for the proton-only sample. The change in for the 
latter is from 0.423 to 0.431; (Aa^ = 0.008). This behavior 
suggests that O-I 650 is indeed a vei stable binder material 
and that it is probably more affected by ultraviolet radiation 
than by protons. 

4.4. 1.4 Conclusions 

01-650 "Glass" Resin is a very stable binder, both in p^ 

and in UV + environments. Of the three encapsulants 

evaluated in this test, potassium silicate offers the greatest 

protection to the pigment. This may, however, result from 

the fact that it is plasma-calcined after encapsulation, 

while the other two pigments were not. It appears that the 

results cjIso demonstrate classic synergistic effects in that 

the individual effects are not auditive and, in the case 

of the plasma-calcined K 2 SiO|^-encapsulated pigment, the effects 
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of proton irradiation are partly bleached by absorption 
of UV radiation. 

4.4.2 CREF-6 

4.4. 2.1 Purpose/Description 

The intent of test CREF-6 (Ref. 4,3) was to examine the 
response of the pigment Zn2Ti0^:K2Si02 (Plasma) in several 
different binders exposed to a combined (UV + p^) environment. 

4 . 4 . 2 . 2 Test Sequence 

A simple sequence of combined radiations was employed in 

this test. The proton and ultraviolet radiations were 

simultaneous. The samples were not rotated, so that samples 

No.'s 2 and 3 were exposed to proton and ultraviolet radiations 

while the others were exposed only to ultraviolet radiation. 

Sample locations 1 and 4 were left blank. Spectral reflectance 

measurements were made after a combined exposure of 2.4 x 10^^ 

+ 2 

p /cm and 1240 ESH, and at the end of the test after a cumula- 

15 + 2 

tive, combined exposure of 9.6 x 10 p /cm and 2250 ESH. 

4. 4. 2. 3 Discussion 

TLe solar absorptance values for CREF Test No. 6 are 
given in Table 4-2. 

4. A. 2. 3.1 Code SRI- 2, Zn o TiO/ ^ iK gSiF ^ (Plasma) /PS -7 

The reflectance spectra of SRI-2 are presented in Figure 4-17. 

The sample was exposed to UV radiation only. The ot value 

s 

degraded 0.030 in the first part of the test, and an additional 
0.005 in the second, displaying, like the others, a classically 
decreasing damage ra with increasing exposure. 

4.4. 2. 3. 2 Coae.. SRI-1,3 Zn 2 TiO^ :K 2 SiF ^ (Plasma) /0I 

For this particular test three 01-650 paints were 
prepared; two using standard 01-650; 'the third using OI-650G. 

One sample was exposed to proton a'd ultraviolet radiations 
(Figure 4-18), and the other two (Figures 4-19 and 4-20) including 
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Figure 4.17 REPLto 'ANCE SPECTRA OF 
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Table 4-2 

RESULTS OF CREF-6 COMBINED RADIATION TEST OF 
ZINC ORTHOTITANATE PAINTS 



No. 

Code^ 

Initial (UV + (UV + p"^)^ 

UVi 

m-2 

Aa 

s 

2 

SRI-1 

0.284 

0.301 0.303 



.019 

3 

C-169 

0.290 

0.303 0.315 



. 325 

6 

SRI- 2 

0.251 


0.281 

0.286 

.035 

9 

SRI-1 

0.286 


0.305 

0.311 

.025 

11 

C-169 

0.243 


0.252 

0.260 

. 017 

12 

SRI- 3 

0.267 


0.272 

0.280 

.013 

^code explanations: 






SRI-1 = 

Zn^TiO, :K,,SiF. 
2 4/6 

(Plasma) /OI 





SRI- 2 = 

Zn2liO^ : K2SiFg 

(Plasma) /PS- 7 





SRI- 3 = 

ZnoTiO. :K^SiF. 

(Plasma) /G 





C-169 = 

Zn2TiO^:K2SiO.^ 

(Plasma VOI (same as C 

-O'^O in 

CREF-5) 



+ UV) ^ = 

+ 2 
24 (15) p /cm 

and 1240 ESH 





+ UV>2 = 

2.4 (15) p"^/ cm" 

ind 2250 ESH 
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the OI-650G paint were exposed to ultraviolet radiation only. 

The a value for the paint (with thu standard binder) exposed 
to the combined environment degraded 0.017 in the first part 
of the test and an additional 0.001 in the second. The a 

s 

value for the "standard” paint exposed tc ultraviolet 
radiation degraded only 0.019 in the ^irst part of ‘■hp tpsf 
and an additional 0.006 in the second. The stability of the 
paint with the modified binder is considerably better; a 
inc’^eased only 0.005 in the first part, an additional 0.003 
in the second. All these changes are within experimental 
error, and hence not necessarily indicative of a trend. 

In any event the stability of this paint system is exceptionally 
good. 

4.4. 2. 3. 3 C-169 Zn ^ TiO^^ ;Ko GiO ^ (Plasma) /OI 

This paint was prepared as IITRI Batch No. C-169 and is 

identical, excepc in date of preparation, with IITRI Batch No, 

C-070, evaluated in GREF 5. The reflectance spectra for the 

two samples one irradiated with UV radiation only and the 

other with protons and UV radiation, are given in Figures 

'4-21 and 4-22. The a value of the sample whose spectra are 

shown in Figure 4-21 degraded 0.009 in the first part, and 

0.008 in the second. in the case of the combined radiation 

sample (Figure 4-22), a degraded 0 013 in the first part and 

s 

an additional 0.012 in the second, VTithir. experimental 
error, these are consistent results 

4 . 4 , 2 . 4 Analyses and ConclusionL 

The stabilit ' of (SS)Zn 2 TiO^ pigments which have been 

plasma-annealed compared to that of pigments ml so treated 

has long been apparent. Plasma annealing, ho'.Tever-, in certain 

cases evidently causes permanent damage very similar 

to that ic is intended to prevent. Although not considered 

very likely, the possibility exists tnat this dama,:,e w-is 

introcaccd in the grinding process after plasma anne\ling. 

In Figuri. 4-23 we compare the initial funirradiated) .spectral 
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Figure 4.23 REFLE 






reflectance of Zn 2 T 10 ^:K 2 SlFg, with and without plasma annealing. 
The effect of the treatment Is evident In the large Induced 
absorption In the visible and S-band regions (the annealed 
pigment appeared "gray") . Stability of the plasma annealed 
pigment, however, was only slightly Improved. In this case, 
the Aa attributable to plasma annealing alone Is about 0.1. 

Table 4-3 sijtmmarlzes the appropriate data from CREF-5 and 
CREF-6 for silicate paints of the pigment Zn2T10^:K2SlFg. 

The performance of Zn2T10^:K2S102 pigments Is considerably 
better than that of any of the other encapsulated pigments. 

Table 4-4 coo^ares the results obtained In CREF-5 with those 
In CREF-6 for the paints Zn2T10^:K2S102 (Plasma) /OI. 

In both tables for comparable exposures, the results 
of Part 2 of the CREF-5 should be compared with those of 
Part 1 of CREF-6. The comparison Is good - within experimental 
error. The stability of the Zn2T10^:K2S102 paint system Is 
very good. The largest part of the damage sustained by the 
paint after combined UV + p exposure Is In the pigment, 
and most of that Is caused by UV radiation. 

The data from CREF-5 and CREF-6 along with the results 
of many preceding tests make It very evident that, while 
plasma annealing does ordinarily Improve pigment stability. 

It also In some cases has caused significant, and unacceptable, 
permanent Increases In optical absorption - In one Instance, 
greater than the Aa caused environmentally In a pigment 
not plasma annealed. Some pigments, therefore, are benefitted 
more from the plasma heat treatment than others. In theory, 
however, the plasma heating conditions can be optimized 
to produce stable pigments without otherwise affecting their 
optical properties. An analysis of all the available 
data suggest that, to be successful, the plasma annealing 
process must affect the pigment surface - and only the 
pigment surfaces; otherwise, excessive Internal high temperatures 
cause significant, permanent optical damage. The nature of the 
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Table 4-3 


COMBINED IRRADIATION EFFECTS IN Zn2TiO^:K2SiF^/PS-7 


Values 


Exposure 

Initial 

Part I 


Part 2 

C-068 (CREF-5) 

(Not plasma annealed) 

Protons Only 

0. 

158 

0.204 



Protons + ultraviolet 

0. 

171 

— 


0.227 

Ultraviolet only 

0. 

179 

-- 


0.204 

SRI-2 (CREF-6) 
(Plasma annealed) 

Ultraviolet only 

0. 

251 

0.281 


0.286 


Table 

4-4 




COMBINED IRRADIATION 

EFFECTS 

IN Zn2TiO^ 

:K2Si03 (Plasma) /OI-650 

Exposure 

Initial 

Aa * 
s 

Part 1 

Ao- 

S 

Part 2 

C-070 (CREF-5) 
Protons only 

0.194 

(0.002) 

0.196 



Protons + ultraviolet 

0.223 



0.013 

0.236 

Ultraviolet only 

0.286 



0.018 

0.304 

C-169 (CREF-6) 






Protons + ultraviolet 

0.290 

(0.013) 

0.303 

(0.025) 0.315 

Ultraviolet only 

0.243 

(0.009) 

0.252 

(0.017) 0.260 


values determined with respect to initial value. 
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encapsulant consequently takes on a more Important role than 
previously ascribed to it. Overall optical stability 
would thus relate to its Interaction with the pigment 
and how this is affected by the plasma treatment. The 
facts that plasma heat treatment damages some encaps Aated 
pigments more than it benefits them and that some e icapsulants 
are nearly as effective as an ideal plasma heat treatment 
suggest that the "stable" surface treatment may be attainable 
chemically as well as by plasma annealing. 

4.4.3 CREF Test No. 7 

4.4. 3.1 Purpose/Description 

This test is a long duration, combined environment 
irradiation to determine the effectiveness of three Zn 2 TiO^ 
encapsulants - K 2 SiFg, K2S102 and Li 2 SiFg. The test (Ref. 4.4) 
was also designed to show whether the effectiveness of the 
encapsulant could be improved by plasma- calcination, and also 
to Indicate the conqaatibility and performance of these pigments 
in both silicone and silicate vehicles. 

4. 4. 3. 2 Sequence 

Sanples No. *s 1-4 were irradiated with combined UV + p*** 
radiations; sample No.'s 5-12 were irradiated with UV 
radiation only. Reflectance measurements were made Initially, 
and after exposures of 1000 ESH and 1800 ESW 1700 ESH and 
3750 ESW 2850 ESH and 7700 ESW, 3850 ESH and 10,500 ESW, 
and finally after an O 2 bleach. 

4.4.3. 3 Results 

Table 4-5 displays the solar absorptance values of the 
test materials. Selected spectra are presented in Figures No. 
4.24-29. No efforts were made to optimize either the 
particle size of the pigments or the thickness of the paint 
specimens: their a. values were, therefore, expectedly variant. 

The spectra of Zn2Ti0^:K2SiFg (plasma)/PS-7 (Figure 4-24) when 
compared with those of the same pigment in 01-6506 (Figure 4-25) 
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show that 01-650 paints are equally as stable as. If not more 
so than, PS-7 paints. Note, however, the loss of reflectance 
at 900 nm as a result of an interaction between the pigment 
and the OI6SO binder. The reflectance spectra of Figure 
4-26 shows Zn 2 TiO^:K 2 SiFg/OI, the pigment of which has 
been recalcined (by IITRI) at 1100*C/lhr. The treatment 
in this case was helpful but not as effective as plasma 
annealing. This particular material, however, exhibits 
almost no instability in the infrared region. The O 2 bleach 
spectra indicate that encapsulation surface coverage was 
not complete. As expected the performance of these UV + p"*^ 
samples when compared with that of their UV- irradiated 
cotmterparts show that radiation produces a greater overall 
effect. 

The paint, Zn 2 TiO^:K 2 SiO^/L. 2S102 (Figure 2-27) shows 
some promise. The lack of any response to the 0^ bleach 
indicates that the silicating process - either the potassium 
silicate encapsulant or the lithium silicate binder, or 
both - is effective in preventing characteristic S-band damage. 
It has surprisingly low solar absorptance, but it also degraded 
badly . 

Figure 4-28 shows the spectral reflectance of an Zn2Ti0^: 
K2S10^ (plasma) /G. Its S-band bleached slightly but the fact 
that infrared damage recovered almost completely sugger?ts 
that the encapsulant coverage was not complete. 

In Figure 4-29 are the spectra of the paint Zn 2 TiO^: 
Li 2 SiFg/G; its stability is excellent, and encapsulant 
coverage appears to be adequate. 

4.4. 3.4 Conclusions 

Degradation Induced by irradiation of these paints occur*s 
primarily within the pigment (rather than on its surface) 
and in the vehicle. 01-650 is basically more stable than PS-7 
(potassium silicate). It is evident that in the more stable 
paint systems the degradation rate essentially vanishes after 
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Figure 4.29 SPECTRAL REFI^CTANCE OF Zn«TiO, :Li«SiF, (Baked at 100*C) /OI-650G 




about 3000 ESH; in some cases, no further degradation occurs 
after an exposure of 2000 ESH. 

Encapsulants for zinc orthotitanate pigments are effective 
only in preventing S>band growth. 01-650 predisposes an other- 
wise stable pigment, if unencapsulated, to severe optical de- 
gradation in the visible and near Infrared regions of the spec- 
trum. The mechanism by which an encapsulant affords protection 
to the pigment is not completely understood. The data, however, 
support our earlier hypothesis thc:t S-band damage is to the 
desorption of hydroxyl groups (as H 2 OV Thus, depending on its 
chemical nature, the encapsulant reacts with, and eventxjially ties 
up, the active surface groups, which are in this case principally 
oh” groups. 

4.4.4 CREF Test No. 8 

4. 4. 4.1 Purpose/Description 

This CREF test (ref. 4.5) was conducted to provide relative 

performance information for three encapsulants of Zn 2 TiO^ pigments - 

K 2 SiFg, Li 2 SiFg and K2Si02. In the latter case the pigment is 

washed with Nal^PO^ (sodium hydrogen phosphate) to neutralize the 

pigment surface, potassium silicate- treated and then re-washed 

(re-neutralized) with NaH2P0^. Determining the effects of heat 

treatment (1200®C/5 min) on encapsulated pigments in terms of 

a and Aa (stability) was also an objective. All of the materials 
s s 

tested are 01-650 paints incorporating the subject pigments, ex- 
cept sample No, 12, an SP-500 ZnO powder which was included for 
reference. 

4. 4. 4. 2 Sequence 

Spectral reflectance measurements were made prior to irradia- 
tion, after 400 ESH and 5.5 x lO^^p^/cm^, and, with no further 
proton irradiation, after an additional 300 ESH, and finally after 
an O 2 bleach. 
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4.4. 4. 3 Teat Reaulta 

The effecta of ultraviolet expoaurea of nominally 400 ESH 
14 + 2 

(plua 5.5 X 10 p /cm in the caae of aamplea 1-4), and of an 
additional 630 ESH can be aeen in the reflectance apectra in 
Figurea 20.4-15. The correaponding aolar abaorptance valuea 
are provided in Table 4.6. 

Analyaea 

A comparlaon of the spectra of sample numbers 1 and 2 
(Figures 4.30, 31) and of those of sample nimsbers 4 and 3 
(Figures 4.32,33) reveals that the heat treatment (1200*'C/5 min), 
especially in the case of the phosphate-silicate-phosphate sur- 
face treatment, not only reduces the initial reflectance of the 
paint prepared from the treated pigment but predisposes it to 
considerable S-band damage. Similarly, the heat treatment 
affects the Li 2 SiFg-encapsulated pigments (Figures 4.34,35) in 
terms of initial properties, but its effect on stability is con- 
siderably more complicated. 

In Table 4.7 we have compiled the spectral reflectance 
changes induced by exposure to a nominal lOOC ESH at several 
wavelengths including the nominal center of the S-band. From 
degradation (damage) data and the spectral response to oxygen 
(recovery), some important deductions can be made regarding the 
effects and effectiveness of encapsulation and of the pigment 
heat- treatment. Heat treatment in every case Increases the S- 
band damage, but, except in the case of the (PO^/SiO^/PO^) en- 
capsulant, it reduces bulk damage. Comparison of the spectra 
of paints prepared from heat treated pigments with those of the 
paints prepared from the respective precursor pigments indicates 
substantial reflectance losses as a result of particle aggrega- 
tion. 

The relatively greater effects of combined environments 
were as expected. The spectra of identical samples, one irradiated 
with UV + p^, and one with UV only, suggest that the protons 
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CREF-d ZINC ORTHOTITANATE PAINT* SAMPLES AND TREATMENTS 
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create substantial bulk damage but have little. If any effect on 
suiface (S-band) damage, as evidenced by the AR^ values at the 
S-band In comparable samples (e.g.. No. 4 vs No. 9). 

Finally, It must be noted that these paints substained re- 
latively severe degradation. From the development pattern of 
the Induced absorption the causes would appear to be intrinsic 
defects. Surface contamination, however, cannot be ruled out, 
since heat treating tends to reduce bulk damage In K 2 Sir^-en- 
capsulated pigments, to Increase It In PO^/SIO^/PO^ encapsulated 
pigments, and In all pigments to promote S-band development. 

From this behavior we can Infer that different surface trer ^ts , 
Including contamination, can and do cause large and very *ent 

damage effects. In any event, an unusually large amount of ..^..j.cal 
degradation has occurred In the paint samples, and Is very likely 
due to Intrinsic defects. Although anomalous In magnitude, the 
degradation spectra are characteristic, thus ruling out con- 
tamination In the test system as an explanation. Contamination 
of the samples during their preparation, however, remains a dis- 
tinct possibility. 

4.4.5 IRIF Test 1-55 (Ref. 4.6) 

4.4. 5.1 Purpose /Descript Ion 

The successful development of a Zn2TiO^/OI-650 paint -system 
depends In part upon the elimination of Interactions between Its 
components, which lead to Instabilities (mainly in the S-band). 

This test was conducted to determine properties and performance 
data of individual components and to compare components prepared 
in different ways. These components, which were Irradiated as 
paints in CREF Test No. 8 (ref. 4.6), are listed in Table 4.8. 

4 . 4 . 5 . 2 Test Results 

The reflectance spectra ot the basic and the treated pig- 
ments are presented in Figures 4.36-35 which are spectra of (SS) 
B-229 type Zn 2 TiO^ powders. Figures 4.40,41 are typical 01-650 
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and 01-6506 spectra, respectively. Generally, dll of the B-229 
cype Zn 2 Ti 0 ^ pigments appear to be quite stable, sustaining only 
a fraction of the damage occurring in their 01-650 paints. 

For the basic (unencapsulated and un-heat treated) Zn2Ti0^ 
pigment, there appears (from Fig. 4.36) to be only a slight 
development of bulk damage and a perceptible decrease in S-band 
reflectance. The phosphate/ silicate/phosphate pigment (heat- 
treated at 1200®C/5 min) uhose spectra are shown in Figure 4.37, 
indicates definite developments of bulk damage and the S-band. 

Very much like those of the basic powder, the spectra of the 
pigment Zn2Ti0^ K 2 SiFg (1200®C/5 min) in Fig. 4.38 exhibit no 
induced UV absorption but still a definite bulk damage as well 
as S-band development. The lithium silicofluoride encapsulated 
pigment (also heat-treated at 1200®C/5 min) in Figure 4.39 
displays similar stability. 

The spectra in Figures 4.40 and 4.41 are the reflectance 
spectra of thin films of standard and modified Owens-Illinois 
650 "Glass Resin", respectively, applied to aluminxjm IRIF coupons. 
Thus, the iim>ortant feature to notice is the very low UV- induced 
absorption, (as indicated by a loss in UV reflectance). All of 
these films are exceptionally transparent and stable, especially 
those that have been heat cured. 

4.4.5. 3 Conclusions 

The magnitude of optical damage in OI-650G is very small, 
and at least as inherently stable as the standard product; and 
this stability is increased by heat curing. 

The performance of the zinc orthotitanate pigments in 
this test demonstrates that they all are basically stable. Their 
performance in CREF Test No. 8, where they were tested in the 
form of silicone paiuLs, however, emphatically points up a deleterious 
interaction between the pigment and the vehicle. The nature of 
this interaction appears to have an effect on the pigments' bulk 

4 - 6 / 

REPRO-' 

0RiGr:.\. 


















1 




001 














J< I ^ A ^ 

««»-4 vT> 00 <rt in 

01 i| O' O' <n 00 

Ou ci r^. 00 00 r». 

Sm^ w w w w 

Ml ^ .O » 

H 

>■ 

*H O n> 1-4 sO 

g • 1 O <n >o 00 


«I CM> fitfl «r> O' oo 

4B|o O <1 O O O 


^ 1 I 

1-4 CN 00 pH 


^ 5g 


0> 

r-4 

t-i 


I >s 

W 

« O 

£ r4> Ofi O' '-t 

u O O < O -4 

01 o • • 

C O 

0) 0£ 


I, i 

D_-l« •-* 

rH n O W pH 
m S.O 
U O' 


o*(M m *-4 


^♦1 

o -4 <n fn 

H ^ ^ 


o> w* 

•-4 ^ 

i| ~ 

M 2 


'-t 

£ ^ 0*0 U 4J 

( flu 0 ) to (0 

C u w u 

8 fn n« X X 

O O V t I 

W •-< -4 Wi >co S0O 

to CO(/>HC>«Vts«V 

V *pl u H-t 4J 

M >4U M Q V) <0 

H p p o r«» r® 

ft ft V ic U ^ U 

’• **X **H *‘H 


• p 


u 


e 


o 


c 


0 






o 






0 


r> 


U 


ij 


0 


<0 


> 




0 


*0 

0 

pH 


Oi 




u 

£ 

•H 


0) 

•p4 

ft 


u 

c 

V) 


c 

u 



41 

0 

§ 


u 

u 



<A 

M 


•3 

hH 

**H 


C 

■o 



CO 


+ 


£ 

kJ 

ft 



o 



(A 

u 

c 

u 


ki 

X 

o 

1, 

<0 

<0 

tn 


c 

00 

£ 

*0 



X I <0 

I >0 >00 

>O0 Km {*4 U 

Km V *-4 H 

iH 4J V} CO 
C/3 CO <N f**J 
C>4IK ^ ^ (0 

:id u ^ i4 0 
••H •• ‘-X 


Q <Q <0 tn 

ft C 0 

X 00 ft *Q 

Kk] 4> 

p 4 0 tO 'H 

to ^ 3 4> 

U 4-1 U 

O >-4 U 0) 
H H ^ X 

H ♦ -It * 

H ^ t 


4-71a 


ETyRomx. 

ORIGIN A{, 


y 

\ 



properties as well as on its surface properties. The fact that 
bulk damage occurs in irradiated pigment powders and not in clear 
resin films establishes the fact that the resin-pigment inter- 
action affects the pigment anu not the resin. 

The K 2 SiFg and Li 2 SiFg encapsulants both protect and pig- 
ment better than does the PO^/SiO^/PO^ treatment. 

A. 4. 6 CREF Test No. 9 (Ref. 4.6) 

4.4.6. 1 Purpose/Description 

In this test, the performance of zinc orthotitanate pigment, 
prepared in a scrupulously iron-free process, both untreated and 
with K 2 SiFg and K 2 Si 02 encapsulants, is of paramount interest. 

An analysis of the results of CREF Test No. 8 (Ref. 4.5) and of 
the processes involved in preparing the pigments used in that 
test leads us to suspect that a significant amount of iron con- 
tamination may have been introduced into the pigments. Accordingly, 
one purpose of this test is to determine whether iron (oi any 
other metal) contaminant may be responsible for the anomalous 
degradation of Zn 2 TiO^ pigments observed in CREF Test No. 8. 

Another important objective is to extend our knowledge of the pro- 
perties and performance of encapsulated pigments in longer dura- 
tion tests. 

4. 4. 6. 2 Results 

The Zn 2 TiO^ pigments, in this test have been prepared in 
accordance with the standard high temperature solid-solid reac- 
tion but without any metallic contact. They do not contain iron 
in quantities measurable by colorimetric analytical methods . 

The samples are listed in Table 4.9 and their reflectance spectra 
are presented in Figures 4.42-53. Note the consistently low 
values of a . Figure 4.42 illustrates the excellent stability 
of A-429M, the designation for the paint system Zn0:K2Si02 
(which is S-13G pigment) /OI-650G. Figures 4-43 through 4.53 
pertain to iron-free zinc orthotitar-te. In Figure 4.43 are 
the spectra for the basic (iron- free) pigment (untreated and 


4 -71b 





m 

CM 

fN. 

m 

o 

CM 

m 

00 

UO 


o> 

m 

00 

o> 

CJ» 

VO 

00 

00 

VO 

P^ 

r-H 

fH 

iH 

CM 

iH 

CM 

CM 

fH 

fH 

rH 

d 

o 

d 

d 

o 

o 

o 

o 

d 

o 

m 

sr 

m 


00 

o 


o 

m 

o 




o 

C3> 

iH 

ov 

O' 

iH 


fH 

fH 

iH 

CM 

fH 

CO 

CM 

iH 

CM 

CM 

d 

d 

o 

d 

d 

d 

d 

o 

d 


ON 

00 

VO 


ON 

PN. 



CO 

m 

00 


r«- 

o 

ON 

o 

00 

00 

o 

vO 



fH 

CM 


CO 

CM 

fH 

CM 

CM 

. d 

o 

d 

d 

o 

o 

o 

o 

o 

d 

, Mf 

Mf 

CO 


vO 


CO 

ON 


PO 

00 

<r 

VO 

ON 

00 

Ov 

00 

VO 

O' 


fH 

fH 

fH 

fH 

fH 

<M 

CM 

fH 


CM 

o 

e 

o 

o 

o 

o 

o 

o 

o 

o 

00 

o> 


VO 

CO 

uo 

CJ' 

lO 

I/O 

vO 


tn 


ON 


uo 


uo 


^4 

fH 

fH 

fH 

fH 


CM 

CM 

fH 

rH 

CM 

d 

o 

d 

o 

d 

o 

o 

o 

d 

o 


iO 

I rsi 

I 

I o 


o 

I CM 
I 

I O 


X. 

0 ^ (0 

CM *J • 

Ml- cm 

I (U o 


•O -HO 

<u a 


& 0 w 

•H CO 
•ri H m 

CO CM 

0) CM 

T3 tM Qd 

H 

CO fl)M 

^T^ J3 M 

CO 

c 4-1 CO 

t4 O 


> CB 

MO 



fH 

00 

VO 

CO 

o 


CM 

00 


•H 


fH 

vC 


MO 

fH 

MO 

MO 

«a- 

•4- 



cn u 

tH 

fH 

fH 

fH 


CM 

CM 

fH 

1-4 

iH 

CM 

fH 

M -H 

• 

. 

. 




. 

• 

• 

. 

. 

. 

3 C 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 


<U td 

M O 

.a z 

CO 

H H 


I I 

I M I 

• O I 


4J I 

CO CO I 

0) a> I 

Vi 

H 










•H 

« B 





•4- 




O. 

u c 




o 

o 


/-N 



T3 Vi 




Of 

Oi 

/-s 

rH 


o 

44 






00 


00 

m 

0) 




ro 

<»■ 


CM 


I— 1 

m T3 




O 

o 

CJN 

fH 

ON 

1 

O 0> 

vO 

VO 

VO 

•H 

•H 


v-r 

Ni-/ 

Vi 

£ Vi 

Om 


U4 

cn 

CO 


CM 

CM 

-W- 

4J (0 

•H 

•H 

•H 



iH 

r4 

rH 


Qu 

CO 

CO 

cn 


Vj- 

1 

1 

1 

4J 

4-1 0) 

CM 

CM 

CM 

o 

o 

X 

X 

X 

c 

O V- 


^4 


Oi 

a< 

hJ 


rJ 

0) 

O. 


4J 

o 

c 

N 

t 


sf 


St 

•a- 

St 

St 

-t 

»t 

•J- 

1 ^ 

0) 

! (d 

, u 

4J 

0) 

£ to 

4.1 •rl 

•C 
•C u 

c 


o 

O 

O 

O 

O 

o 

O 

O 

O 

O 

O 

^4 

4J 

0) 

O 

•rl 

•r4 

•H 

-i-l 

•rl 

•H 


f-i 

•rl 

1-1 

■rl 


1-1 C 

gj 

o 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

cn 


Si 

m 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

•}C 

4c 

t-i 

Oi 

B 

C 

C 

B 

B 

B 

B 

B 

B 

B 

B 


•te 

(X. 

in 

N 

N 

N 

N 

N 

cd 

N 

N 

N 

N 

N 





Figure 4 42 REFLECTANCE SPECTRA 
























Figure 4.48 REFLECTANCE SPECTRA OF ZuoTiO, : KoSiF, /OT 
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unencapsulated) prepared and Irradiated as a powder. The UV 
radiation- induced degradation appears to saturate after approxi- 
mately 500 ESH, and the damage in the S-band region is not prcm 
inent. A potassium silicate paint of this pigment is somewhat 
more stable, particularly in the S-band, as shown in Figure 4.44 
Note also (in Figure 4.43) that the i-r damage is also reduced 
compared to that in the powder. Reflectance spectra of the 
same pigment in 01-650 (Fig. 4.45), quite obviously show that 
the untreated pigment sustains considerable S-band damage. 

In Figures 4.46-48 we present the reflectance spectra of 
Zn 2 TiO^:K 2 SiFg; in Figure 4.46 are the spectra of the powder; 
in Figures 4.47 and 4.48, the spectra of the 01-650 and OI-650G 
paints, respectively. The pigment exhibits good stability, 
with optical damage appearing to saturate at about 2000 ESH. 

The K 2 SiFg encapsulation also affords some protection against 
S-band damage, and the encapsulated pigment is obviously more 
stable than the ur.encapsulated pigment (Fig. 4.43); yet the two 
pigments have, except for the S-band, very similar degradation 
characteristics . 

The Zn2Ti0^ :K 2 SiFg prepared using OI-650G exhibits a 
stability comparable to that of ics pigment , while the 01-650 
paint is severely degraded, especially in the S-band region. 

In this case, the Ol-modif ication mitigates the interaction be- 
tween pigment and vehicle. The interaction, however, is either 
between the binder and the encapsulant or is promoted by the 
encapsulant, because the unencapsulated pigment in 01-650 
(Fig. 4.45) does not show extensive S-band development as does 
the paint with encapsulated pigment. 

To a lesser extent than is evident above, the degradation 
in Zn2Ti0^:(P0^ /SiO^'/PO^) is also, as Figure shows, in- 

creased by the presence of the 01-650 vehicle (Fig. 4.50). 
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The reflectance spectra of three pigment powders which have 
been prepared by the COP (coprecipitation) method are shown in 
Figures 4.51-53. Their performance, however, is poor. Even 
though they are experimental pigments from the first coprecipita- 
tion attempts, their spectra (^. Fig. 4.52) give encouragement, 
since they Indicate an excess of ZnO, which can be removed by acid 
leaching. 

4. 4. 6. 3 Conclus ions 

The performance of the A-429M paint system is especially 

encouraging; the initial solar absorptance of this coating 

system, when all formulation parameters are optimized, may 

approach 0.160 in practice. The 4a of 0.02 in 4000^, ESH.more- 

s 

over, is typical of this system. Since the Aa is unchanged 

s 

upon ©2 bleaching, the silicate encapsulation is effective, 
and it is probable that the OI-650G binder materially aids 
this effectiveness. 

A direct comparison of equivalent paints in this test and 
in GREF Test No. 8, while not conclusive, strongly implicates 
a foreign material in the CREF-8 samples. Although we suspect 
iron, the contaminant may be any metal which the pigment pre- 
cursors contact in the pigment preparation process. This is 
further borne out by the fact that the stability of the basic 
Zn 2 TiO^ pigment in this test is very good, and it improves con- 
siderably when placed in PS-7 (Aa = 0.031 in 4070 ESH)or in 

s 

01-650 (Aa = 0.036). We associate the increased damage in 
s 

01-650 paints with the higher hydroxyl content of the 01-650 
(as opposed to OI-650G). The silicate pigment has approximately 
the same stability as the untreated pigment, but here also its 
apparently increased interaction with 0I-650G causes a pronounced 
increase in degradation. In all cases the interaction causes 
increased S-band absorption, which is made obvious by the oxygen 
bleach spectra. 
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The three (3) zinc orthotitanate pigments produced by the 
COP method are entirely experimental. Yet, from a comparison 
of the performance of zinc orthotitanate pigments prepared by 
firing the heretofore standard solid-solid (B-229) oxide pre- 
cursors with those prepared from COP precursors, it is seen 
that these pigments exhibit different optical spectra and re- 
spond differently to the iiradiation tests, especially in the 
near ultraviolet region. 

4.4.7 Sxmgnary 

The stability of Zn 2 TiO^ pigments which have been plasma- 
annealed compared to that of pigments not so treated has long 
been apparent (ref. 4.7). Plasma annealing, however, in certain 
cases evidently causes some permanent damage very similar to 
that it is intended to prevent. Although not considered very 
likely, the possibility exists that this damage was introduced 
in the grinding process after plasma annealing. 

The encapsulant K 2 SiF^, either with or without plasma 
annealing the treated pigment evidently r.auses substantial S- 
band absorption (the annealed pigment appeared "gray" in 
one instance - see par. 4. 4. 2.4); its stability, however, is 
only slightly improved. 

The performance of Zn2Ti0^:K2Si02 pigments is considerably 
better than that of any of the other encapsulated pigments. 

While plasma annealing does ordinarily improve pigment 
stability, it also in some cases has caused significant, and 
unacceptable, permanent increases in optical absorption. The 
facts that plasma heat treatment- induced damage often exceeds 
its benefits, and that some encapsulants are neariy as effective 
as an ideal plasma heat treatment, suggest that a stable sur- 
face may be attainable chemically as well as by plasma annealing. 
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Encapsulants for zinc orthotltanate pigments are effective 
only In preventing S-band absorption. (Earlier research showed 
that optical damage at longer wavelengths was associated with 
excess ZnO). (Ref. 4.8). 01-650 predisposes an otherwise stable 

pigment, If unencapsulated, to severe optical degradation In 
the visible and near Infrared regions of the spectrum. Without 
being specific regarding the mechanisms, we reason that, In 
the case of 01-650 paints, the encapsulant serves two purposes - 
first, as a barrier to photo desorption from the pigment surface, 
and secondly, as a barrier to Interactions of free radicals (or 
electrons) In the silicone resin with the pigment, such as dis- 
cussed in Ref. 4.7. The UV-induced appearance of the S-band 
in 01-650 paints incorporating otherwise s^able pigments implies 
either that the encapsulant is not intrinsically effective (with 
respect to prevention of pigment vehicle interactions) or its 
surface coverage is incomplete. The O 2 bleach results show that 
both possibilities exist. Many of the pigments show higher 
initial absorption in the S-band region - absorption attribut- 
able to an encapsulant pigment interaction. The additional 
degradation due to irradiation is O 2 bleachable, suggesting that 
coverage may be a major problem. With respect to these considera 
tions , we conclude that potassium silicate affords the greatest 
protection from the stanupoint of surface coverage; moreover, it 
does not cause directly, nor predispose the pigment to, excessive 
S-band absorption. On the basis of intri’' ic effectiveness 
^2^^^6 highest, although it directly or indirectly affects 

the pigment's optical properties. 

The relatively greater effects of protons are as expected. 
Protons create substantial bulk damage but have little, if any 
effect on surface (S-band) damage. In those tests in which 
effects due to UV + p"* can be compared with those due to UV or 
p alone, we find, not surprisingly, that UV + p damage is 
more severe than UV alone, and, in turn, that UV effects out- 
weight p^ effects. The non-additive nature of these effects may, 
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in part, be xjnderstood from the fact that UV and p"^ cooperate/ 
compete to create optical damage at visible and near UV wave- 
lengths, and that UV, in addition, creates near S-band and, 
occasionally, free carrier damage. 

4.4.8 Conclusions 

Zn2X10^ pigment prepared via the solid- solid (SS) high 
temperature reaction of ZnO and a-Ti02 exhibits great potential 
for excb^ “ional stability in space environmental applications. 
This stability, however, is sensitive to the Zn/Ti stoichiometry, 
at least as this ratio determines the excess ZnO in the pigment; 
metallic contamination also affects its stability. A sensiti- 
vity of surface damage and of bulk damage to either of these 
factors has also been evident. Also evident is the improvement 
in S-band stability obtained by encapsulation of SS pigments 
with K 2 SiFg and PO^/SiO^/PO^. and the further improvement when 
these encapsuxated pigments are plasma-calcined. The stronger 
sensitivity of SS pigments to UV-induced S-band damage in 01-650 
paints than in 01-650 paints implicates OH* as the radical 
responsible for the development of surface (S-band) degradation. 

These conclusions, it should be remembered, pertain to pig- 
ments which were prepared with a ZnO excess. In light of 
several important observations made in subsequent investiga- 
tions (ref. 4.6), the validity of many of the other conclusions 
reached in these studies is questionable. Certainly, we know 
that a 2.05 Zn/Ti ratio is not ideal, even though this was, at 
the time of these studies strongly believed to be necessary. 
Nevertheless, these studies clearly show that S-band stability 
relates very closely to s- i.*face passivity, and subsequent 
studies further confirm this observation. The attainment of 
surface passivity - be it through optimum temperature- time pig- 
ment calcination schedules, reactive encapsulation, or plasma 
calcination - almost certainly depends upon Initial Zn/Tl 
stoichiometry. 
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Table A -10 

CREF TEST No. 10 - SOLAR ABSORPTANCE VALUES 
OF COP ZrioTiO, PIGMENTS VS ULTRAVIOLET EXPOSURE (ESH) 



vOU~>-4'r-(CMO<rcNCMO'<l-<}’ 

i-IOOOOOOOOOOO 


oooooooooooo 


.^fvor^r^.ovoocT'OvovDCTi 

cM'4't>.incof«^<Nvoc«toO'tfo 

COCv)i-Hf— lr-<«~ICMr-(CMiHCslfM 


oooooooooooo 


ocMcnoor^ooior-ii-tt— ir-cvj 

oeMvc<r«-iOi^r'»ooo<to 


OOOOOOOOOOOO 


^'>C^O^O^OO^P*)r^vOOOr^^O 
vooNco-d'tH r^'d’ONt^ovo 

fH 1— I f— I iH CN iH 

rioooooooddoo 


tJ 

o 

x: 

4J 

(U 

e 


0) 

4J 

CO 


i-H 

CO 


T3 


•H 

6 

0) 

X 


•Jc -Jc \ >. 







^"N 

/-N 


/-N 


X N 


r3 


>3- 


CM 



CM 


<r 

CM 

CM 



iH 

I— < 


r-1 


rM 

I— H 


rH 

1^ 

fH 

rH 

•o 

1 

1 


1 


1 

■ 

/«> 

1 

1 

1 

1 

0) 

\o 

vO 


NO 

ON 

ON 

NO 

ON 

C3N 

'nO 

vO 

ON 

U 



w 




>>«' 

V-' 

N— 1' 




d 

CM 

NO 

NO 

o 

o 

o 

CM 

CM 

CM 

VO 

rv 


X) 


r-1 

•H 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

o 

I 

1 

1 

1 

1 

) 

1 

• 

1 

1 

1 

1 

1-1 

K 

M 


3 3 

X 

X 

X 

X 


35 

K 

a 




rJ 



hJ 

h4 

3 




(0 

CO 


CM 

•g 

ij 

cO 

ocstON<foovOfO'-im^c\ir^ cO 

i-( i-t .-I -K 



4-90 


1‘AuL io lOOR 



/ 


i 

V 









1 


4.5 ENVIRONMENTAL TEST REPORTS - PART II 

The reports of irradiation studies in Part II of this section 
deal primarily with pigments prepared from oxalate precursors via 
the COP method. 

4.5 1 CREF Test No. 10 

4. 5. 1.1 Purpose/Description 

This test (ref. 4.6) in general was designed to compare the 
effects of various firing conditions on the initial reflectance 
properties and ultraviolet-stability of five COP (coprecipitation) 
production batches and one experimental MOX (mixed oxalate) 
batch. (Unfortunately, most of the coatings, prepared as powders 
on IRIF coupons, were not sufficiently adherent to the coupons 
to allow confidence in more than the initial (pre- irradiation) 
spectral reflectance measurements) . 

This series of COP Zn 2 TiO^ pigments were fired under 
different temperature/ time conditions, UV irradiated to exposure 
levels of approximately 750 and 1460 ESH. The samples and their 
solar absorptance values are listed in Table 4.10. In some of 
these pigments excess ZnO was detected by X-ray, as well as by 
the classic ZnO infrared free carrier spectra (ref. 4.9). 

4 . j . 1 . 2 Test Results 

Figure 4.54 shows the effects of ultraviolet irradiation 
on an early production pigment, LH-12(6-14). The S-band develop- 
ment is especially prominent, even though some substrate show- 
through was experienced. Figures 4.55, 56 are spectra of 
LH-16(9) and of LH-16(6-14), respectively; both exhibit ZnO 
excess. In these materials the UV radiation damage was not 
excessive, but the ZnO excess is clearly evident from the in- 
duced free carrier absorption, especially in LH-16(9). The 
LH-16(6-14) pigment sustains somewhat more S-band damage than 
does the LH-16(9) pigment. 
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Figure 4.55 REFLECTANCE SPECTRA OF LH-16 Td^liO^ (9) 













The reflectance spectra of three pigments prepared from 
Batch LH-20 viz., (9), (9-14), and (6-12) are presented in 
Figures 4.57-59. (The post- irradiation i-r spectral reflectance 
of the (6-12) pigment, exceeds its initial value because of a 
loss of adherence). In this series, the higher conversion tempera- 
tures tend to produce greater S-band damage. 

The spectra of the three LH-22 pigments, viz., (9), (6-12) 
and (9-14), prepared from COP batch LH-22, belie a noticeable 
excess of ZnO. Reflectance stability of this series also appears 
to be sei;?itive to the heat treatment schedule. The (6-12) pig- 
ment (Fig. 4.61) shows poor stability (adherence was a problem 
also), while the (9) pigment (Fig. 4.60), even with the 
characteristic ZnO i-r absorption, demonstrates greater stability. 
The (9-14) pigment (Fig. 4.62) exhibits excellent UV radiation 
stability. The trend in this respect, however, is somewhat 
opposite to that witnessed in the LH-20 pigments, quite pro- 
bably because of the ZnO excess. 

Although the reflectance spectra for LH-26(6-12) in Fig. 

4.63 show the presence of excess ZnO, this pigment possesses 
good initial properties and considerable stability. 

In Figures 4.64-65 are the reflectance spectra for two 
pigments from COP batch LH-27, The lack of adherence of the 
(6-12) sample obscured the UV-induced i-r absorption, if any. 

In any case the (9-14) treatment evidently produces a pigment 
superior to that of the (6-12) treatment. 

4 . 5 . 1 . 3 Conclusions 

The surface passivity of many of the tested pigments is 
evident from the fact that they do not adhere well to their 
test coupons nor do they exhibit much cohesion. Adhesion losses 
were experienced in all of the (6-12) pigments, with varying 
effect. Test results for this reason are difficult to analyze; 
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Figure 4.58 REFLECTANCE SPECTRA OF LH-20 Zn 2 TiO^ (9-14) 
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Fi.^urf 4 65 FFFLECTANCE SPECTRA OF LH-2? Zn^TiO^ (9-14 







the variable film thicknesses compound this difficulty. But 
the results do bear out the basic properties and performance of 
Zn 2 TiO^ pigments, justifying the inves 'ligation of the COP pro- 
cess as a method for producing them. The appearance of UV- in- 
duced free carrier absorption signifies a ZnO excess, which pro- 
bably relates to the sample preparative conditions, since these 
pigments were not subjected to a specific ZnO removal treatment. 

4.5.2 CREF Test No. 13 

4 . 5 . 2 . 1 Purpose/Descriptio n 

The overall stability of a Zn2TiO^/OI-650G paint system 
depends not only on the inherent stability characteristics of 
’ts components but upon interactions between them, and there- 
fore, in the case of Zn 2 TiO^, on the surface properties of the 
pigments. The tests performed must allow for discerning whether 
induced optical damage resides in the interior of a pigment, 
in the vehicle, or as is frequently the case with Zn 2 TiO^, on 
the pigment surface. The ability to so distinguish proceeds 
from tests of individual components and of paints and from 
analyses of refl ;tance degradation spectra of all of these. 

It must further allow for determining the pigment surface 
modification treatments most effective in mitigating these 
interactions. This test (ref. 4.S) involves four preparative 
variables - pigmant calcination schedule, acid leaching of 
pigment to remove ZnO, precipitation hold time, and thermal 
treatment of the silicone paint. Table 4.11 lists the materials 

tested (all 01-650 paints) and their appropriate a values. 

s 

4. 5. 2.2 Sequence 

CREF- 13 was operated as an UV-only radiation test. Spectral 
reflectance measurements (in-vacuo) were recorde*^ prior to irradia- 
tion, after exposures of 435 ES” 1100 ESH and Oj. 2100 ESH, and 
in O 2 after final in-situ ineis' nent.s. 
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CREF #13 SOLAR ABSORPTANCE VALUES 
ZINC ORTHOTITANATE/OI-650G PAINTS 
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4. 5 . 2. 3 Results 

In Table 4.11a we present for better insight the spectral de- 
gradation at several selected wavelengths: 365nm, 450nm, 865ntn, 
and 1900nm. The 365nm wavelength was selected because it is very 
close to, but on the short wavelength side of, the furiJamental 
absorption edge, X , of ZnO, but on the long wavelength side of 
that of Zn 2 TiO^. The 450nin wavelength is in a region of high 
reflectance for Zn.,TiO^. The 865nm wavelength lies within the 
S-band. The 1900nm wavelength lies sufficiently far into the i-r 
region that induced free carrier absorption in the pigment, if 
present, will be observable and will not be masked by the natural 
absorption of the binder. Representative spectra are given in 
Figs. 4.65-70. 

For reference, the original COP batches LH-30, LH-31, and 
LH-51 were co-precipitated from oxalic acid solutions at '^^90°C 
with hold times of 1 hr for LH-30, and of 4 hrs for LH-31 and 
LH-51. 

Pigment calcination temperature apparently does not have a 
strong influence on UV radiation stability although 1200°C 
temperatures tend to produce pigments more stable than that of 
900 °C. All of the paints substained UV damage, roughly half 
of which is pigment surface-related. The permanent damage, 
occurring mainly in the visible and near UV regions of the spec- 
trum, may be subject to reduction by better control of initial 
(oxalate) stoichiometry. The acetic acid wash (followed by a 
re-calcination at 1000°C) has a beneficial effect on initial 
reflectance, without significantly affecting photo-stability. 

The unusual degradation which occurred in LH-31 and LH-51 
pigmented paints contrasts with the relatively good stability 
of the paints made from the LH-30 series pigments. This 
difference in behavior between LH-30 pigments and the others 
points to a possibly significant difference in the Zn/Ti ratio 
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Figure 4.66 REFLECTANCE SPECTRA OF LH-30( 
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Figure 4.68 REFLECTANCE SPECTRA 








of the co-precipitate as a result of different hold times. The 
shorter hold time favors a higher Zn/Ti ratio. This possibility 
apparently is reduced in its effect by the A-10 treatment. 

Baking the paints overnight at 250“F tends to have little 

effect on Aa : pigments calcined at 1200°C seem to be slightly 
s 

more stable when baked than those made from 1400“C pigments. 

4.5.3 IRIF Test No. 1-67 

4. 5. 3.1 Purpose/Description 

The purpose of the IRIF-I-67 space simulation test (ref. 4.9) 
was to determine the effects jf calcination temperature and of 
acid removal of ZnO from Zn 2 TiO^ pigments on the stability of 
Zn2TiO^/OI-650 paints when subjected to UV irradiation. 

4. 5. 3. 2 Sequence 

In- situ reflectance measurements (in-vacuo) were made 
initially, after 540 ESH and after 2050 ESH; after the final 
in- situ measurements, oxygen was admitted to the system, and 
spectral reflectance measurements repeated. 

4. 5. 3. 3 Test Results 

Table A . 12 summarizes the a values for this test, while 

s 

Table 4.13 presents some selected reflectance data. Representa- 
tive spectra are presented in Figs. 4.70-79. These spectra have 
been analyzed to determine the trends of several parameters and 
these have been siammarized in Figs. 4.80-83. From these latter 
figures (graphs) we may deduce correlations of stability (i.e., 

Aa ) with calcination temperature, T , of (bleachable) S-band 
s c 

damage with T^ , of stability with ZnO content, and of free ZnO 

content with T . 

c 

The data in Figure 4.80 suggest an increased suscepti- 
bility of unwashed samples to degradation as a function of 
calcination temperature. For the A-10 (acid-washed and re- 
calcined) samples, this trend is reversed. 


Table 4-12 


SOLAR ABSORPTANCE VALUES, IRIF TEST 1-67 


Solar Absorptance Values 


Material* 

Initial 

840 ESH 

2050 ESH 

^2 Bleach 

LH-52(6-9) (pwdr) 

.156 

.168 

.173 

.163 

LH-52(6-9) 

.287 

.332 

.370 

.311 

LH-52(6-14) 

.250 

.330 

.370 

.298 

LH-52(6-14-A-10) 

.309 

.338 

.364 

.327 

LH-53(6-ll) 

.220 

.254 

.271 

.234 

LH-53(6-ll-A-10) 

.286 

.329 

.351 

.307 

LH-53(6-12) 

.262 

.311 

.325 

.281 

LH-53(6-12-A-10) 

.259 

.299 

.330 

.280 

LH-53(6-13) 

.249 

.315 

.354 

.290 

LH-53(6-13-A-10) 

.304 

.328 

.352 

.323 

LH-22(9> 

.24 

.26 

.28 

.25 

D-260** (pwdr) 

.14 

.16 

.17 

.16 

*Unless designated "pwdr" 

(powder) 

all samples are COP Zn 2 TiO,/OI 

-650 Paints 

**Zn 2 TiO^, Powder coating; 

material 

obtained from 

Tektronix, Inc., 

- Solid 


State Reaction. 


Table 4-13 

SELECTED REFLECTIVE DATA FROM IRIF TEST 1-67 




Aa * 
s 

AR(7o) 

^450/^350** 

Pigment 

Total 

Permanent 

9O0nm 

LH-53(6-ll) 

0.051 

0.014 

9.5 

1.47 

LH-53(6-ll-A-10) 

0.065 

0.021 

11.5 

1.09 

LH-53(6-12) 

0.063 

0.019 

12.0 

1.70 

LH-53(6-12-A-10) 

0.071 

0.021 

12.5 

1.13 

LH-53(6-13) 

0.105 

0.041 

18.0 

1.62 

LH-53(6-13-A-10) 

0.048 

0.019 

8.0 

1.33 

LH-52(6-14) 

0.120 

0.048 

21.5 

1.85 

LH-52(6-14-A-10) 

0.055 

0.018 

9.0 

1. 73 

*Total Aa^ refers to tne in-vacuo loss; permanent 
after O 2 admission (and subsequent bleaching) . 

Act , to 
s 

loss measured 

**Ratio of initial 

spectral 

reflectance of 450nm to 

that at 

350nm. 


\ 


V 


4-116 








oos 



Figure No. 4.72 REFLECTANCE SPEC 
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Figure 4.74 REFLECTANCE SPECTRA 
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Figure 4.76 REFLECTANCE SPECTRA OF LH-53 (6- 13) /QI 
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Fijiure 4.78 REFLECTANCE SPECTRA OF LH-2 
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Figure 4.79 REFLECTANCE SPECTRA OF D-260 (SS)Zr/ 2 TiO^^ ("POWDER) 



I 








Quite obviously, as Fig. 4.80 shows, acid leaching removes 
ZnO from the calcined pigments but with less efficiency at in- 
creasing temperatures. The O 2 bleach spectra indicate substantial 
UV- induced S-band development, which might be minimized by an 
appropriate encapsulant. As Fig. 4.81 shows, the same general 
trends are apparent in S-band damage. 

Figure 4.82 shows the relationship h^cween the total Aa^ of 
a paint and the ratio of ^ 450 /^ 350 * latter ratio being di- 
rectly indicative of free ZnO content. This figure also em- 
phasizes the value of acid-washing. However, the curves for un- 
treated pigments show a break corresponding to the upper calcina- 
tion temperature ranges. The important point is that acid wash- 
ing does increase stability of COP Zn 2 TiO^ pigments - up to a 
point I 

In Figure 4.83 we show the effect of calcination tempera- 
ture on the ratio ^ 450 -^^ 350 ’ whose log is directly proportional 
to the free ZnO content. The data ht*.*e strongly confirm our 
earlier observations of the importance of acid washing. In 
addition, the beneficial effect of acid washing is seen here also 
to exist only in the lower temperature range, (i.e., <1200'’C); 
the free ZnO content increases very greatly with increasing tempera- 
ture. 

figures 4.80-83 emphatically display the distinct differences 
in the stability of pigments calcined at temperatures above 1200°C 
and those prepared at and below 1200°C. 

4.5.4 IRIF Test 1-68 

4 . 5 . 4 . 1 Purpose/Description 

IRIF Test 1-68 (ref. 4,10) was conducted to investigate 
the properties and performance of Zn 2 TiO^ and two commercial 
pigments, all produced by Tektronix, Inc., Beaverton, Ore. A 
major concern in this test was whether (SS) Zn2li0^ produced 
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using large scale manufacturing equipment would be stable. Two 
of these pigments, both zinc orthosilicates are in routine pro- 
duction at Tektronix. For further descriptions of these pig- 
ments, see par. 4.5.5). For reference purposes, samples of 
zinc oxide and of anatase titania, the precursors of Zn 2 TiO^ 
in the SS process, were also irradiated along with a sample of 
rutile titania. All samples were irradiated as powders. 

4. 5.4.2 Sequence 

Spectral hemispherical reflectance measurements were made 
of each sample prior to irradiation, after UV radiation exposures 
of 1340 ESH and 2570 ESH; after irradiation, the IRIF was back- 
filled to 760 Torr with oxygen and reflectance measurements were 
again uiade of each sample. 

4 . 5 . 4 . 3 Test Results 

The sample descriptions and test results are summarized in 
Table 4.14. The Tektronix Zn 2 TiO^ pigments obviously are quite 
stable. The ZnO and Ti02 pigments were irradiated for comparison, 
and, as expected, degrade moderately. (like many other surface- 
active pigments, they degrade severely in an organic binder). 

The zinc orthosilicate pigments are CRT phosphors manufactured 
by Tektronix, one of which is intrinsically doped with mangatiese 
to improve its luminescence properties. Both are relatively un- 
stable . 

The performance of the Zn 2 TiO^ pigments in OI-650G vehicles 
has already been determined and reported (Ref. 4.12). Their per- 
formance here however, especially the bleaching behavior, con- 
firms that these pigments are inherently very stable. 

4 . 5 . 4 . 4 Analyses 

Figures 4.84-88 show the reflectance spectra of Zn2ii0^ and 
ZnpSiO^ (zinc orthosilicate) samples prepared by Tektronix. The 
spectra, (not shown) of a basic Jiixture of 2.05:1 Zn0/Ti02 
(designated T-1), which was sprf.y dried at 250°C and not further 
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Figure 4.85 REFLECTANCE SPECTRA OF TEKTRONIX /Zn^TiO^ (1200°C/1 hr) 
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Figure 4.86b REFLECTANCE SPECTRA OF TEKTROND( Zn^riO, (1250°C/24 hr) 










treated thermally, show substantial instability and, not surprisingly, 
free ZnO. The spectra of the same material which has been fired at 
900“C/9 hrs (designated T-2) appears in Fig. 4.84. Here the 
stability is excellent. The spectra also reveal slight bleaching, 
again probably because of the moderate free ZnO content. (The 
latter is also evident from the "knee" in the UV reflectance spec- 
trum). Materials fired at 1200®C/1 hr (T-3) and at 1250“C/24 hrs 
(T-4) exhibit excellent stability as figs. 4.85 and 4.86, re- 
spectively, show. In the firing process the T-3 material remained 
reasonably powdery, while the T-4 material formed large and very 
hard "clinkers". Both, however, exhibit very little bleaching, 
while the T-4 material shows a substantially greater proportion of 
free ZnO, as indicated by the knee in the UV reflectance spectrum. 

This extends the observations made earlier, (see Fig. 4.83) regard- 
ing the increasing ZnO concentration with increasing calcination 
temperature. 

The zinc orthosilicate (Zn 2 SiO^) samples, also supplied by 
Tektronix, are not as stable as Zn 2 TiO^. From a comparison of 
the spectra in Fig's 4.87 and 4.88, it is obvious that manganese 
doping stabilizes Zn 2 SiO^ against the production of bleachabie 
infrared damage but does not confer any significant degree of over- 
all optical stability upon this material. 

4.5.5 IRIF Test No. 1-69 

4.5.5. 1 Purpose/Description 

This test (ref. 4.11) involved a series of Zn 2 TiO^ pigments 
produced in a plant with a large manufacturing capability for 
specialty pigments The purpose, consequently, was to evaluate 
the properties and performance of Zn 2 TiO^ pigments manufactured 
in a large-scale production facility. 

Except for one IITRI pigment, all of the pigments tested 
were obtained from Tektronix, Inc. , Beaverton, Ore. through the 
courtesy and cooperation of Dr. Ralph Mossman. IITRI furnished 
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the preparation instructions and approximately ten (10) pounds 
each of SP-500 ZnO and anatase titania (a-Ti02>, Tektronix pre- 
pared these materials by first slurrying in distilled water at 
a 2.05/ZnTi mole ratio, drying the slurry in a large high tempera 
ture spray-dryer, and then by calcining according to specified 
temperature schedules. Table 4.15 describes the materials in- 
volved. 

Table 4-15 
Tektronix Pigments 


Designations Descriptions 


IITRI 

T-1 

Tektronix 

J-1156-65 

Spray-Dried , 

Unfired 


T-2 

J-1156-65A 

Spray-Dried, 

Fired at 

900“C/8 hr. 

T-3 

J-1156-65B 

Spray-Dried, 

Fired at 

1200“C/1 hr. 

T-4 

J-1156-65C 

Spray-Dried, 

Fired at 

1250“C/24 hr 


T-1 is a simple mixture of ZnO and a-Ti02j the spray-drying 
temperature, however, was apparently sufficiently high to effect 
some conversion to Zn2Ti0^. The T-1 preparation is the precursor 
material for the other T-series pigments. 

4.5. 5.2 Sequence 

Spectral reflectance measurements were accomplished (in-situ) 
prior to UV irradiation, after 915 ESH, 2085 ESH and after 2660 
ESH; a final scan was made after the system pressure was increased 
to 760 torr using pure O 2 . 

4. 5. 5. 3 Test Results 

The materials tested in IRIF 1-69 are listed in Table 4.16 
wherein also are the pertinent test results. The materials are 
grouped according to their descriptions in Table 4.15. In this 
particular test, with a relatively new basic pigment, a few ex- 
amples of sample notation may be useful. Under T-2, we have 
listed, for example a) "powder", b) "01-650", c) ":K2l3iO^ powder", 
and d) " (A-10)/OI-650" . These descriptions refer respectively 
to the T-2 pigment which was irradiated a) as a powder, b) as an 
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Table 4-16 

IRIF 1-69 

ULTRAVIOLET jjRRADIATION TEST RESULTS 
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01-650 paint, c) as a potassium silicate encapsulated pigment 
(powder); and, d) as an acetic acid washed pigment, fired at 
1000“C/2hr, and then dispersed in 01-650 resin. 

The spectral reflectance curves are presented In Figures 
4.85-4.100. Solar absorptance values and selected spectral re- 
flectan.'^e data are presented in Table 4.16. The column in this 
table designated gives the value of the highest reflectance 

of the unirradiated material in the spectral region 325 to 2600nm. 
The next column, lists the reflectance values of the un- 
irradiated materials at 370nm. The significance of R^, the "knee" 
reflectance, is that it relates to the amount of free ZnO pre- 
sent in the pigment. 

The initial reflectance spectrum of sample No. 6, (T-2:K2SiO^/ 
OI-650G), was scaled improperly. Hence, in the analysis of the 
performance of this material we will rely primarily on the relation- 
ship of the "irradiated" spectra to one another. Other performance 
data, such as the AR at 900nm, were also studied, but they have 
not been listed because, in the case of these pigments at least, 
there has been no substantial S-band damage, that is, UV-indaced 
reflectance losses of 5% or more. In fact, most materials suffered 
less than 2% reflectance loss in this region, where sensitivity 
to surface defects becomes strongly prominent. 

4. 5.5.4 Conclusion s 

The Tektronix pigments and paints demonstrate very good 

optical stability. In terms of induced solar absorptance change, 

they compare very favorably with the IITRI baseline pigment, 

LH-53(6-12), (Fig. 4.100). The best paint tested was T-2/G 

(Fig. 4.91); among the Tektronix pigments not only did this 

material display the best stability (Aa = 0.046), but it 

s 

possesses the lowest solar absoirptance (a = 0.112) again de- 
monstrating the inherently good properties and stability of 
Zn 2 TiO^/G paints. 
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Figure 4.99 REFLECTANCE SPECTRA 





Figure 4.100 
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High reflectance as well as good stability is attained at 
900*’C, thus negating, for these pigments at least, any advantage 
of a 1200**C calcination. It may be that an intermediate tempera- 
ture might produce an even more stable pigment, particularly 
since T-4 pigments (12S0*’C/24hr) have not displayed as good 
stability. 

For Tektronix pigments the acid leaching and subsequent re- 
calcination at 1000°C/2hr. in every case enhances the visible 
reflectance but does not substantially affect optical stability 
The A- 10 treatment, therefore, remains as a reasonable approach 
to the improvement of of these paints. The effectiveness of 
encapsulation of these pigments with K 2 S 102 , though this process 
is somewhat valtiable in improving cx^, cannot be as easily deter- 
mined. In general, encapsulation of Tektronix pigments tends not 
to affect stability. This latter observation is true mainly be- 
cause these particular pigments show little, if any, tendency 
to surface defect formation as evidenced by a reflectance loss 
in the 900nm region. 

The test results make it plain that the Tektronix spray- dry 
process is a viable one. The pigments are inherently stable and 
the paints made from them are also sufficiently reflective and 
stable that we can consider this process a logical alternative 
to the current processes. Understood in proper perspective, the 
Tektronix process would require, as would any other, extensive 
testing and further development. This test simply demonstrates 
that the method is clearly worth pursuit, if current methods are 
shown to be insufficient. 

4.5.6 CREF Test No. 15 

4 . 5 . 6 . 1 Purpose/Descriptio n 

ITie beneficial effect of acetic acid leaching of Zn 2 Ti 0 ^ 
pigments containing a ZnO excess is well established. In CREF 
Test No. 15 (ref. 4.12) the acid leaching process is investigated 
more closely to elicit the effects of individual operations in 
the treatment of acid-leached pigments including post-calcination 
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and encapsulation. The test scheme Is embodied In the sequence 
of thermal and chemical treatments: 6-12, 6-12-10, 6-12-A, and 
6-12-A-lO. 

4. 5. 6. 2 Sequence 

Reflectance scans were made prior to irradiation, after ex- 
posures to 470 ESH, 1150 ESH, 1650 ESH and to 2190 ESH, and 
finally after a post- irradiation ©2 bleach (at 760 Torr) . The 
samples were not subjected to proton irradiation. 

4 . 5 . 6 . 3 Test Results 

Solar absorptance values are given in Table 4.17. Table 
4.18 provides relevant diagnostic data. Reflectance spectra of 
all the test samples are presented in Figures 4.101-107 inclusive. 
Most obvious are the facts that re-calcination is necessary after 
an acid wash, and that S-band absorption arises principally from 
UV-activated surface defects. The degradation is much greater 
in the case of the Li2Si02-encapsulated pigment. This encapsulant 
is obviously not effective; in fact it appears to magnify the 
damage, as a comparison of the S-band development in Fig's 4.103 
and 4.106 shows. The O 2 bleaching in the case of the Li2Si02“ 
encapsulated pigment leaves little doubt as to the validity of 
this assertion. However, the residual acid (from the leaching 
process) may block the encapsulant and prevent its attachment 
to the pigment surface; other explanations may exist and include 
a reaction between the residual acid and the Li 2 SiO^. But, as 
an encapsulant, Li 2 Si 02 does not provide protection against the 
formation of the optical defects causing as is evident 

in comparing the performances of paints with Li 2 Si 02 -encapsulated 
pigments with those of paints with un-encapsulated pigments. 

In Table 4.18 are some of the pertinent properties and per- 
formance indices. Using the LH-102(6-12) data as a baseline, it 
is evident that only the A- 10 treatment produces any significant 
improvement, that the -10 treatment alone has essentially no 
effect, and that the -A treatment alone drastically increases 
AUg. The effects of Li2Si02 on LH-103(6-12) are to increase R^^ 
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Figure A. 102 REFLECTANC^ SPECTRA OF LH- 102 (5- 12- /C 
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Figure 4.104 REFLECTANCE SPECTRA OF LH- 102 (6- 12-A- 10) /C 
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Wavelength, (LI) 

:TRA of LH-102(L12- 











and also The tendency of the encapsulant to increase is 

also noticeable in the LH-102 series of pigments. The LH-103 
series paints have much lower values than do those of the LH-102 
series. This apparent anomaly may result from a slight difference 
in the initial Zn/Ti ratio. 

The stability of the LH-102 (6-12-A-lO) paint is excellent. 

The other paints , with the exception of the "A" treated ones , 
respond nominally to a 2190 ESH exposure. In the LH-102 series, 
the Li2Si02-encapsulant greatly increases the degradation at 400nm. 
The spectra reveal also that the degradation in all cases occurs 
primarily in the visible region of the spectrum and is non- 
bleachable in O 2 . 

4. 5. 6.4 Conclusions 

The A-10 treatment is effective and helpful; the -”A" treat- 
ment alone, however, has obviously deleterious effects, while the 
-*'10" treatment is relatively innocuous. Encapsulation of these 
pigments in Li 2 Si 02 in general decreases environmental stability 
and in some instances actually appears to accelerate the degrada- 
tion of the vehicle. The value of a is somewhat higher in these 
series than in other paints prepared from COP pigments, partly 
because of a non-optimized particle size and partly because of 
the low Rj^ values. 

4.5.7 IRIF Test 1-70 

4. 5. 7.1 Purpose/Description 

IRIF Test 1-70 (Ref. 4.10) was designed and conducted to dis- 
cern optimum treatments for the (COP) baseline (6-12) pigment, 
specifically acetic acid washing, recalcination and encapsulation. 

4. 5.7.2 Sequence 

Reflectance measurements were made (in-situ) prior to UV 
irradiation, after 540 ESH, 1060 ESH and after 3130 ESH; a final 
scan was made of certain samples after the system pressures was 
increased to 760 torr using pure O 2 . 
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Table 4-19 
IRIF TEST 1-70 

ULTRAVIOLET RADIATION TEST RESULTS 


^ O 

f-( CO 

o o o 


CM 

so 

iO 

rH 

vO 

00 

r-C 

(H 

«-• 

CM 

I — t 

CM 

o 

O 

O 

o 

o 

o 


1-4 

os 

so 

so 






so 


o 

SO 

00 

CM 

r~4 






O 


r-4 

' 

r-< 

CM 

CM 






CM 


CM 

• 

• 

ft 

ft 






ft 


ft 

|H 


CO 

•O 

CM 

mT 


CO 

m 

CO 

r-l 

St 




CM 

1-4 

os 

sf 

o 

CM 


CO 

CO 

• 

CM 

• 

CM 

ft 

CM 

ft 

CM 

ft 

iH 

ft 

CM 

ft 

CM 

ft 

CM 

ft 

CM 

ft 

CM 

ft 

CM 

ft 

CO 

CO 


iH 

OS 

o 

CM 

SO 

o 


o 

SO 

r-" 

o 

CM 


O 

OS 

Mt 

OS 

CM 

O 

CO 

CM 

r-i 

• 

• 

CM 

ft 

CM 

ft 

CM 

ft 

ft 

CM 

ft 

iH 

ft 

CM 

ft 

CM 

ft 

CM 

ft 

CM 

ft 

CO 


O 

OS 


00 

OS 


OS 

CM 

in 

00 


3 

CM 

O 

3 

00 

CO 

os 

r-t 

O 

CM 

CM 

rH 

• 

CsJ 

• 

CM 

ft 

CM 

ft 

CM 

ft 

ft 

CM 

ft 

r-4 

ft 

CM 

ft 

CM 

ft 

CM 

ft 

CM 

ft 

CM 

o 

CO 

CO 

<t 

o 

CM 

1^ 

o 

CM 

m 

SO 

lA 

00 

iH 

o 

OS 

00 

CO 

00 

IH 

(3S 

r-l 

O 

iH 

• 

ft 

CM 

ft 

CM 

ft 

iH 

ft 

t-H 

ft 

CM 

ft 

iH 

ft 

CM 

ft 

f-H 

ft 

CM 

ft 

CM 

ft 

m 


m 


m 






m 


so 

so 

so 

m 

CM 

CM 

CM 

CM 

CM 

CO 

CM 

m 

o 

• 

O 

ft 

o 

ft 

o 

ft 

o 

ft 

o 

ft 

O 

ft 

O 

ft 

O 

ft 

o 

ft 

o 

ft 

o 

ft 


in 

in 




m 

m 

m 






CNJ 

CO 

CO 

CO 

CM 

CM 

CM 

CO 

CO 

CO 

3 

3 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

• 

ft 

ft 

ft 

ft 

ft 

ft 

ft 

ft 

ft 




•WRODUCIBILrrY OF 

page is poor 

t 

CO *1-1 


* o 

■Jc ^ 

CO in 

Q c 


c>: hJ 

•rC •• 


O I 
iH <! 
^ 1 I 

C4 M CM 


CM CM CM 


-D 

6 

O S 
K z 

4-1 

4J 

2 ^ 

H 

CM 

ts y 


CM CO 


<t m vo 00 O' 



1 




•H 

a 


CO 



so 

ca 

1-1 


o 


4< 

Cm 

U 

’V 

CO 

•H 


so 

•H 

fS 

o 

W 

* 


C/5 

0 

V 

•H 

CO 


•JC 

so 

•H 

CO 

CM 

u 

4J 

«0 


ft ft 

•fl 

CM 

ft ft 

05 

0) 

t4 

03 

ft ft 

o 

CO 

ft ft 

O 

r— 4 

CO 



CM 

/-N 

iH 

a 

V4 

o 

1 


o 

1 

e 


iH 

< 

ft ft 

rH 

< 

to 

•H 

1 

f 


1 

1 

m 


CM 

CM 

CM 

CM 

CM 


O 

r-4 

rM 

T— 4 

rH 

1-4 

1—4 

05 

1 

1 

1 

1 

1 

1-4 

r-4 

SO 

vD 

SO 

SO 

vO 

< 

< 


'w' 

■S-/ 




•a 







■X 

00 

ON 

o 

rH 

CM 





lH 

H 

r-4 




4-166 



1 


II 

I 



1 


) I 

4 J 


! 

Lj 







1 

I 


■l B l» ty HWV«» ■■ >W IJ ; ■» 


4. 5. 7. 3 Test Results 

The materials tested in IRIF 1-70 are described in Table 4.19, 
wherein also are pertinent test results. All the pigments have been 
derived from batch LH-106 and all samples are OI-650G paints. Re- 
presentative reflectance spectra are presented in Fig's 4.1'^S-lll, 
inclusive. Table 4.19 and the figures are organized to rhow pro- 
gressively the effects of acetic acid washes, recalcinations and 
encapsulants. 

In Table 4.20 we summarize some of the relevant data. A 
general survey of the spectre shows that most of the paints are 
relatively stable. The induced changes range from 0.12 for the 
paint with the pigment (6-12) :K2Si02 to 0.34 for that with the 
(6-12-10) treatment. The 6-12 pign^nts of LH-106 do not exhibit 
a "knee", i.e. , a low value of R^. Consequently, the resulting 
"knee" reflectance R 3 ^q values range from 72 to 76%. 

Table 4.20 suggests that, in the LH-106 (6-12) pigments, 
acid washing has no significant effects, and, most importantly, 
that K 2 SiO^ provides much better protection than do any of the 
other encapsulants. This may be seen both at 400nm and at 9U0rm 
in all three series. The spectra of most samples show oxygen 
bleaching, (i.e. a recovery of AR^qq) . The AR^qq data are 
particularly important because they indicate the effectiveness 
of an encapsulant. For instance, the .07/. 01 ratio for AR^qq 
of the (6-12) pigment reflects the fact that it is unencapsulated. 

In the same series the K2Si02 permitted a AR^qq of only .01 (O 2 
bleaching spectra were not taken for this sample). The values 
of AR before and after O 2 bleaching at both 400nm and 900nm 
provide a measure of how good an O 2 barrier the encapsulant is. 
Consideration of both wavelength values is necessary, because 
in some instances absorption bands in other spectral regions 
affect the AR^qq value. At 400nm the oxygen effect may result 
from an oxygen- related defect in the resin; equally likely it 
may be provoked by the encapsulant or the surface defects of an 
unprotected pigment (Ref. 4.7). 
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TABLE 4-20 




SELECTED IRIF-I-70 

DATA 



Paint Pii 
Series 

nnent 

Treatment 

®s 

Aa 

s 

"^400* 

^^900* 

6-12 


.152 

.019 

.04/. 005 

.07/. 01 


Li2SiO^ 

.203 

.021 

.03/. 005 

.045/. 025 


KjSiOj 

.232 

.012 

.025/- 

.01/- 


KjSiFg 

.192 

.021 

.03/. 005 

.035/. 02 

6-12-A-lO 


.213 

.030 

.03/. 01 

.06/. 03 


Li 2 Si 03 

.180 

.014 

.03/- 

.025/- 


KzSiOs 

.210 

.015 

.015/- 

.015/- 


K2SiFg 

.206 

.028 

.03/. 005 

.055/. 015 

6-12-10 


.180 

.034 

.045/. 015 

.06/. 01 


Li 2 Si 03 

,194 

.018 

.03/- 

.03/- 


K^SiF, 

.187 

.016 

.025/- 

.02/- 


KjSlFe 

.215 

.016 

.03/- 

.03/0 


*AR values 

are given before and 

after O 2 

bleaching. 



4 . 5 . 7 . 4 Conclusions 

The LH-106 series is obviously an intrinsically stable pigment 
and results in very stable paint systems. The fact that none of 
the three series prepared evidences a knee may bear upon the ex- 
planation for this stability. We observe also that acid washing 
should not be expected to produce any significant results in a 
pigment which has no "knee". Further, a stoichiometry in which an 
excess of either ZnO, TiO^ or other reaction product (s) Is not 
evident may also create a different defect structure, thus chang- 
ing the amount and nature of the surface defects whose optical 
effects an encapsulant must mitigate or prevent. 

Some of the 1-70 paints were irradiated in CREF-16, which 
will be discussed later in detail. These paints substained much 
greater degradation in CREF-16 than was evident in 1-70. A 
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Wavelength, (jJL) 

Figure 4.108 REFLECTANCE SPECTRA OF LH- 106(6- 12 > /G 






Figure 4.109 REFLECTANCE SPECTRA OF LH- 106 (6- 12- A- 10) / 







Figure 4.110 REFLECTANCE SPECTRA OF LH-106 (6- 12-A- 10) rLi-SiO, /C 
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later inspection of the IRIF disclosed that a corroded heat ex- 
changer had introduced contamination in the A-H6 water cooling 
system, diminishing its UV transmission and thus the effective 
UV intensity at the sample location. (The IV monitor not being 
spectrally selective, showed only a small reduction in total 
intensity). Nevertheless the comparative results of 1-70 and 
the conclusions reached from them remain valid, - with two 
qualifications. The data should not be used for engineering pur- 
poses. Since the absorption introduced into the A-H6 cooling 
water very probably increases strongly with decreasing wavelength, 
the silicone resin would tend to look very much more stable; 

AR^OO values for IRIF-1-70 are therefore substantially less, com- 
paratively, than those for CREF-16. 
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4.5.8 IRIF Test No. 1-71 
4 . 5 . 8 . 1 Purpose/bes crip t ion s 


I 

I 

i 
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The samples in IRIF Test No. 1-71 (Ref. 4.10), with the ex- 
ception of S-13G, are ali Zn 2 TiO^ powder films on IRIF coupons 
The full complement of test samples is listed in Table 4.21, 
along with their associated solar absorptance value‘s .'e MOX-A 
materials (where MOX refers to "mixed oxalates" ana a", to a 
specific batch) differ from previous Zn 2 TiO^ pigments in two 
important ways. Fir&t, and most important, an error was made in 
the formulation of the MOX-A material resulting in a 1.49:1.0 
1.49 Zn/Ti mole ratio rather than the theoretically required 
2.0 value. This will be discussed in detail in a subsequent 
section. Second, the MOX-A pigments were prepared by mixing 
individually precipitated zinc and titanium "oxalates" and then 
converting the mixture to Zn 2 TiO^. This differs from previous 
Zn 2 TiO^ pigments in that their precursors were copro o; pitated and 
then converted. The important advantage to the MOX method is 
the ability to utilize optimum size precursor oxalates, thus 
allowing control of the pigment particle size upon conversion. 
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Table 4 -21 
IRIF TEST 1-71 

ULTRAVIOLET RADIATION TEST RESULTS 
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Also in the test complement is a sample of "MOX", the 
original mixed oxalate batch with a Zn/Ti mole ratio of 2.05:1.0. 
For comparison purposes two samples of a COP pigment are also 
included. 

An experimental pigment, silicon nitride, was included be- 
cause of its very high purity and good whiteness. S-13G was 
placed in the test as a control. The test was carried out to 
evaluate the MOX method samples and to compare their properties 
and performance with other Zn 2 TiO^ pigments. 

4 . 5 . 8 . 2 Sequence 

Reflectance measurements were made prior to irradiation, at 
exposures of 130 ESH, 460 ESH, and (for 2 selected samples) at 
1060 ESH, and (again for the same 2 samples) after a post-irradia- 
tion O 2 bleach. 

4. 5. 8. 3 Test Results 

Properties and performance data are presented in Table 4.21- 
Table 4.22 points up some differences between MOX -A, MOX and 
LH-103 pigments. The reflectance spectra of the samples appear 
in Figures 4.112-119 inclusive. 

As Table 4.21 shows, the degradation of the MOX-A pigments 
exceeds reasonable limits. The test (for all but the S-13G and 
the MOX pigment sauries) was terminated after only 460 ESH. This 
was done because the degradation of Zn 2 TiO^ irradiated as a pig- 
ment is always less than in OI-650G paints. The results, none- 
theless, are very informative. The absence of substantial damage 
in the S-band of the MOX-A pigments raises a serious challenge to 
our long standing requirement for a 2.05.1.0 Zn/Ti mole ratio in 
Zn 2 TiO^ pigments. This requirement was based on two observations : 
one, that a Zn excess in the Zn 2 TiO^ product can be chemically 
extracted, while a Ti excess can not; and, second, that a Ti ex- 
cess would promote S-band damage, presumably caused by photo- 
induction of the reaction T^.^^ ^i^^ This second observation 

may indeed yet be true for SS pigments . 
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Figure 4.114 REFLF.CT.ANCE S PECTRA OF MOX-A ( 6- 10 . S /8 ) (Powder) 






Figure 4.115 REFLECTANCF SPECTRA OF MOX- A(6- 12 /O . 5 ) (Powder) 









Figure A.IL6 REFLECTANCE SPECTRA OF MOX- A (6- 12 /2 ) (Powder) 
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Figure 4.118 REFLECTANCE SPECTRA OF MOX( 6- 10. 5/2) (Powder) 





4. 5. 8. 4 Analyses 

Table contains some data which may relate to the 

amonalous lack of S-band development. We associate low values of 
Rj^ with fundamental absorption due to excess ZnO or of T102. We 
therefore expect that would be much lower in the case of MOX-A, 
than in the case of either "MOX" or LH-103. MOX-A, relative to 
the stoichiometry of Zn 2 TiO^, ontains a 25 mole % excess of Ti 
while the latter pigments contain approximately 2 mole % excess 
of Zn. Significantly, the values of the MOX-A pigments differ 
substantially from one an-^ther but, rather than being lower, Rj^ 
of the MOX-A pigment is higher than that of the others, thus 
evidencing no free Ti 02 - 

The influence of temperature and time on the properties and 
performance of MOX-A pigments is shown in Table 4.22B. The improve- 
ment of Rj^ with increasing calcination temperature and time stands 
out clearly. Generally, while the effect of temperature is as 
expected, it considerably surpasses that of time at temperature, 
but the net effect of time may be either beneficial or adverse. 

The adverse effects of time at temperature on S-band damage 
(ARggQ) in the 6-10.5 series contrasts with its desirable effects 
in the (6-12) series. 

In summary, IRIF-I-/x test results, primarily those of Aa , 

s 

clearly demonstrate the instability of MOX-A pigments. The pro- 
perties and performance of these pigments, /hose Zn/Ti mole ratio 
is at substantial variance from the theoretically necessary 
stoichiometry of Zn 2 TiO^, raise fundamental questions about the 
true nature of the precursor oxalates, the chemistry of their 
conversion to titanates, and the sensitivity of optical properties 
and environmental stability to pigment stoichiometry. We 
address these questions in subsequent investigations. 
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4.5.9 CREF Test No. 16 


4. 5. 9.1 Purpose/Description 

Duplicate samples of materials previously irradiated in 
IRIF Test No. 1-70 were irradiated in CREF Test No. 16 (ref. 

4.10) in order to extend our knowledge of the more stable COP 
Zn 2 TiO^ paint systems. (The purpose was not to compare the de- 
gradation data obtained in CREF-16 with those in IRIF-I-70). 

All of the pigments in this test are Zn 2 TiO^ prepared from 
IITRI batch LH-106 COP Zn 2 TiO^. IITRI batches LH-103 (''^19",), 
LH-104('^'39%) and LH-105 ('^-42%) were blended to make LH-106. All 
samples are OI-650G paints cured at 325°F for 16hrs. The de- 
scriptions of the pigments involved are given in Table 4.23 
along with their relevant test data. 

4 . 5 . 9 . 2 Sequence 

Diffuse reflectance measurements were performed on each 
sample before irradiation and after exposure co 335 ESH, 900 ESH, 
2750 ESH and 4720 ESH. A post -irradiation oxygen bleaching ex- 
periment was not conducted. Two of the samples (Nos. 5 and 12) 
were exposed to a flux of 1.2 KeV proton radiation, estimated 
to be approximately 10l5 p/cm2, 

4. 5. 9. 3 Test Resulcs 

The reflectance spectra of the paints are shown in Figures 
4.120-125. It should be noted that these paints are duplicates 
of those irradiated in IRIF Test No. 1-70 thus providing aata 
directly comparable to those obtained in IRIF Test No. 1-70. 

Table 4.24 presents the data which can be compared, where it is 
most apparent that degradation in this CREF test greatly ex- 
ceeds that in the previous IRIF test. 

In the present case, the largest incremenc in Aa occurred 

s 

in the first 335 ESH. After 4720 ESH, maximum Aa^ (..064) was 
exhibited by the (6-12-A-lO) system; the least (.028), by the 
(6-12-A-lO) :Li 2 SiO^ system. The exposure corresponds to approxi- 
mately one-half year of continuous exposure to the sun (at 1 A.U.). 
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Figure 4.120 REFLFX'TANCE SPECTRA OF UI- 106 (6- 12 ) :Li,.SiO~ /G 
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Fit^ure 6.122 REFLECTANCE SPECTRA OF LH- 106 (6- 12 ) :K 2 SiF 















Figure 4.125 REFLECTANCE SPECTRf\ OF LH- 106 (6- 12-A- 1 0) :R.,Si 03 /C 







All of the paints performed quite well, even though the data 
differ. It should be noted that the differences between CREF 
and IRIF test data are of the order of 1-2% in reflectance for 
samples 7-10; that samples 5 and 12 definitely overlap the pro- 
ton beam, and that samples 6 and 11 may have "seen" some stray 
proton radiation. Those samples which display the greatest 
differences were also more strongly affected by the combined 
(UV + p^) radiation flux. In any event CREF- 16 degradation con- 
sistently exceeds that in 1-70. 

4. 5. 9.4 Analyses and Conclusions 

Several possible explanations exist for the CREF-16/I-70 
discrepancies. The difference in solar factor (6X in IRIF vs 3X 
in CREF) can be significant, particularly since the degradation 
mechanism for S-band development is of second order. It is un- 
likely, however, that this explanation is sufficient, since much 
of the degradation occurred outside the S-band. Contamination 
is another possibility; the four other samples, (1-4 in this test), 
experimental clear films being subjected to combined UV and pro- 
ton irradiation, may have undergone decomposition and outgassing. 
Still another possibility, briefly mentioned in the discussion 
of 1-70 test results, is the loss of short wavelength UV radia- 
tion as a result of contamination of the irradiation source 
cooling water. 

Before either 1-70 or CREF-16 test results can be fully 
evaluated, their differences must be explained. We believe that 
the 1-70 samples were indeed under-exposed, and that C-16 samples 
were contaminated; previous tests have resulted in data midway 
between their respective results. In the case of 1-70 intra- 
test comparisons are valid, except with respect to binder de- 
gradation. C-16 data, however, are much more questionable be- 
cause of the unknown effects of contamination, especially in 
those samples exposed to p^ irradiation. C-16 data, consequently, 
should be accepted only qualitatively, except that unirradiated 
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properties data are entirely representative and valid. Finally, 
C-16 test data, regardless of their anomalous differences, lead 
to the same conclusions as were obtained in 1-70. 

4.5.10 Summary and Conclusions 

In the case of 01-650 paints, an encapsulant serves two pur- 
poses - first, as a physical barrier to photodesorption from the 
pigment surface, and secondly, as an electronic barrier to inter- 
actions of electrons or free radicals in the silicone with the 
pigment surface, such as discussed in Ref. 4.16. The appearance 
of the S-band in 01-650 paints with otherwise stable pigments 
suggests either that the encapsulant is not intrinsically effec- 
tive in preventing the pigment-vehicle interactions or that its 
surface coverage is incomplete, or both. O 2 bleach results show 
higher initial S-band absorption, almost certainly attributable 
to a pigment-encapsulant interaction. The S-band degradation 
due to irradiation has been at least partly 02 “bleachable , 
suggesting incomplete coverage. From observations of UV-induced 
S-band development and post-irradiation O 2 bleaching behavior, 
we conclude that potassium silicate is the most effective en- 
capsulant, because complete coverage is apparently easily obtained 
and because it does not cause directly, nor predispose the pig- 
ment to, excessive S-band absorption. 

With minor exceptions the COP pigments and the paints pre- 
pared from them exhibit greater stability than those derived from 
the "MOX" method. In the series of tests, from IRIF 1-70 to 
CREF-16, it is also evident that encapsulation will be required 
for most pigments and that K 2 Si 02 represents the best choice 
of encapsulants . Very clearly, the use of acid-washing, when 
indicated by low R^ values, must be followed by re-calcination. 

A recalcination by itself proves to be of no advantage or dis- 
advantage . 
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Pigments prepared via the MOX method exhibit properties which 
can be controlled by setting appropriate preparative conditions . 

The added flexibility of the MOX method (over the COP method) , how- 
ever, has not been fully explored; nor have the properties of 
MOX pigments vs Zn/Ti stoichiometry been sufficiently pursued and 
understood. The unexpected properties and performance of the 
MOX-A pigments ended the notion that titanium atom excesses were 
responsible for the degradation of Zn 2 TiO^, or at least the S-band 
in it. They certainly made it clear that the phase relationships, 
and the chemistry, of Zn-Ti compounds in the formation of Zn 2 TiO^ 
are poorly known. 

In general, the effects of various calcination parameters, 
chemical treatments and other processing parameters are relatively 
predictable. Moreover, the overall results of environmental 
testing point up the inherent stability of Zn 2 TiO^ pigments. 

The COP method of Zn 2 TiO^ production leads to a better all-around 
pigment than does the MOX method, although the latter holds some 
definite and worthwhile advantages. 

With reference to paint stability the basic problem is one 
of electronically isolating a stable pigment from the binaer, 
thus preventing their mutual interaction. Determining pigment 
production parameters and conditions that lead to reduced pig- 
ment surface activity, e.g., via encapsulation, will solve this 
problem. 

4.6 ENVIRONMENTAL TEST REPORTS - PART III 

Part III test reports pertain to "MOX" Zn 2 TiO^ pigments. 

These have been prepared from oxalate precursors which have been 
separately precipitated. 
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4.6.1 IRIF Test I>72 (Ref. 4.10) 

4. 6. 1.1 Purpose/Description 


The unusually high reflectance of *'MOX" Zn 2 TiO^ pigments along 
with an appreciation of the stoichiometric deficiencies of MOX-A 
Zn 2 TiO^ pigments prompted the production and testing of another 
"MOX" pigment batch, in this case designated MOX-B. We distinguish 
the meaning of the terms "MOX” and MOX; "MOX" refers to the pre- 
paration method, and MOX, to the designation of the first batch 
of pigment made by the "MOX" method. IRIF-I-72 was conducted to 
evaluate "MOX" pigments with a Zn/Ti ratio of 2.05:1.0, prepared 
as powders and OI-650G paints, and also to compare their pro- 
perties and performance with an earlier "MOX" pigment, in this 
case, designated MOX. 

4. 6. 1.2 Sequence 

Diffuse hemispherical reflectance measurements were made 
in-situ on each sample prior to irradiation, after exposures to 
175 ESH, 560 ESH, 1560 ESH and to 2630 ESH, and subsequently 
after exposure to 760 Torr of pure O 2 . 

4 . 6 . 1 . 3 Test Results 

The MOX-B pigments precursors were calcined at different 
calcination schedules of three temperatures each and at diffe- 
rent calcination times. The majority of the samples, as Table 
4.25 shows, are OI-650G paints. The remainder are MOX-B powder 
films, a MOX (original "MOX") pigment, and a sample of S-13G 
paint, reflectance spectra of the "MOX" samples are given in 
figures 4.126-136. Pertinent data are summarized in Table 
4 . 25 . The results confirm the fact that OI-650G paints are 
always less stable than the pigments from which they are made 
and always inferior to them in reflectance properties as well. 

Also evident is the better stability of the 6-12 pigments. 

The stability of MOX-B paints, however, is only moderate. 

The various properties and environmental performance indices 
compiled in Table 4.26 support the above conclu.sions and several 
others of importance. The earlier statement regarding the superior 
properties of pigments vs paints made from them is shown to be 
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*Designates Paint Binder is 0I-650G 
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Figure 4.127 RZFLECTANCE SIECTRA OF MOX-B(6-9/16)/G 






Figure 4.128 REFLECTANCE SPECTRA OF MOX-B(6-9/16) (Powder) 
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Wavelength, (jJL) 

.131 REFLECTANCE SPECTRA OF MOX-B (6- 10 . 5 /8) /G 




Wavelength, (jl) 

Figure 4.132 REFLECTANCE SPECTRA OF MOX (6- 10 . 5 /2 ) (Powder) 
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Figure A. 134 REFLECTANCE SPECTRA OF MOX-B (6- 12 /O . 5 ) /C 
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valid on several bases. R^, the "knee" reflectance, of powders 
tends to remain rather independent of temperature and time, con- 
trasting rather sharply with the MOX-A behavior. However, the 
differential between the greater degradation of the paint and 
the lesser degradation of its pigment (when irradiated se- 
parately) tends to decrease with increasing calcination tempera- 
ture (table 4.26B). The improvement of ^^ 900 ’ 

with increasing temperature clearly exhibit similar trends. 

Though Aa of powders Increases mildly with increasing calcina- 
tion temperature, that of corresponding paints decreases sub- 
stantially. The factors which tend to amplify the absorption 
effect when a MOX-B pigment is dispersed in OI-650G quite ob- 
viously diminish with increasing calcination temperature. These 
dependencies should not be attributed to temperature alone, be- 
cause time at temperature, though a weaker influence, also has 
significant effects. The Aa values of the two powders in the 

9 

6-10.5 series (Table 4.26A) exemplify this point; in this in- 
stance the effect of time is to increase Aa of the powder and, 
generally to decrease it in the paints (Table 4.26C). A very 
notable effect is, of course, the decreasing AR^qq with increas- 
ing calcination time. Less obvious, but quite important, the 
full effect of time at temperature for all three temperatures has 
not been attained. Thus, it would seem that longer calcinations 
would be desirable. Such, however, may be contra-indicated by 
other factors, such as particle size growth. 

4 . 6 . 1 . 4 Conclusions 

The MOX-B paints display poor to moderate stability, de- 
fintely not that generally observed in Zn 2 TiO^ paints. The 
stability of these systems, however, clearly depends upon calcina- 
tion temperature and time. While the pigments alone demonstrate 
good performance, the binder "sensitizes" the pigment, causing 
much stronger S-band absorption to develop than in the pigment 
alone. The chemical nature of the pigment surface, and quite 
possibly of the pigment bulk, differs appreciably with calcina- 
tion temperature, with time at temperature, and also with Zn/Ti 
stoichiometry. 
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Table 4-26 

SELECTED IR IF- 1-72 DATA 


Table 4 26A 

COMPARISON OF MOX-B POWDERS AND PAINTS 
Powder/Paint Properties 


Index 

'6-9/16 

6'-1TJ:572* 

6-nj.578 

6‘-n/'2" 


55.5/32 

57/33.5 

56/36 

51/34 

®tnax 

89/89 

96/89 

86/87.5 

95/87 

^^4C0 

.045/. 130 

.030/. 115 

.040/. 089 

.055/.c'^0 

AR900 

.040/. 124 

.035/. 182 

.032/. 124 

.070/. 095 

“s 

.174/. 198 

.111/. 204 

.207/. 214 

.141/. 216 

AOs 

.026/. 138 

.023/. Ill 

.030/0.65 

.049/. 060 

*First column /Second 
6-10.5/1 paint. 

column relate in 

this case to: 

6-10.5/2 powder 



Table 4-2 6 B 
POWDER/PAINT RATIOS 
Ratios of Powder/Paint Indices 

For: 

Series ' 


*%oo 

AR900 

^“s 

6-9/16 

1.73 

0.35 

0.18 

0.19 

6-10.5/2* 

1.70 

0.26 

0.17 

0.21 

6-10.5/8 

1.56 

0.45 

0.26 

0.45 

6-12/2 

1.50 

1.10 

0.74 

0.82 


*Relates in this case to: 6-10.5/2 powder vs 6-10.5/1 paint. 


Table 4 26C 

TEMPERATURE AND TIME EFFECTS IN PAINTS 


Series : 




(6-10.5) 


(6- 

12) 

Times : 
Index 

4hrs 

l6hrs 

Ihr 

4hrs 

8hrs 

0. 5hrs 

2hrs 


32.5 

32 

33.5 

36 

36 

37.5 

34 

T> 

max 

85 

89 

89 

88 

87.5 

86 

87 

^\oo 

.130 

.130 

.115 

.082 

.089 

.070 

.050 

AR900 

.230 

.224 

.182 

.169 

.125 

.130 

.095 

^^s 

.235 

.298 

.204 

.212 

.214 

.228 

.216 


.127 

.138 

• 111 

.098 

.065 

.074 

.060 
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A . 7 STOICHIOMETRIC PIGMENT CHAR.\CTERIZATION STUDIES 

4.7.1 INTRODUCTION 

The intrinsic stability of Zn 2 TiO^^ pigments may not be 
achievable in practice unless the effects of variations in 
production process parameters and conditions can be discerned. 

The primary criterion, of course, is the environmental stability 
of the paint; how the variable conditions and parameters involved 
in the various preparative methods affect it is thus of major 
concern. One critical problem is that the exact 2n/Ti ratio 
in the final pigment to attain environmental stability is not 
easily determined, nor is the relationship between it and that 
in the precursor mixture. We have also assumed that the Zn/Ti 
ratio affects both the bulk and the surface properties and thus 
are faced with the possibility that stabilization of bulk pro- 
perties may require a different Zn/Ti ratio than that which 
would confer surface (S-band) stability. We are reasonably cer- 
tain that the MGX precursor components (ZnOx and "TiOX") are 
chemically identical to those in the COP precursor mixture. 

The asstimption, however, that, at least above some minimum 
temperature, Zn^TiO^ is the major (or even only) product of the 
calcination of those precursors has raised some serious questions. 

To address the central questions in the relationship of pig- 
ment stability to Zn/Ti ratio, we must examine the theoretical 
background and experimental oractice involved in the manufacture 
of Zn^TiOy . Our basic belief holds that Zn^TiO, is indeed a 
true compound rather than a solid solution of compounds; Zn 2 TiO^ 
is not ZnO.TiO^.ZnO or a si.milar compound, ^ig. i.l37 displays 
the reflectance spectra in the opt’ cal band gap regions of ZnO, 
of anatase and rutile Ti02 and of the 1.95 1.0 (Zn/Ti) product 
of COP oxalate precursors; it is clear that eac’n is distinctly 
different from the othcr.s. Because the fundamental optical band 
gaps of materials arc- intriiisic characteristics, the significance 
of their reflectance .'pccti'.?. in rhe fur 'arnenlal absorption region 
becomes central to the in tf.rpi. etat ion of all of our stoichiometry 
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experiments. The essential point is that the band gap wave- 
length of a material is characteristic and thus indicative of 
the material creating the absorption involved. Though X-ray, 

SEM, gravimetric and other analyses are available, analyzing the 
effects of Zn/Ti stoichiometry in terms of optical spectra pro- 
vides a high degree of relevance with respect to our primary 
application. 

4.7.2 Process Chemistry 

4 . 7 . 2 . 1 background 

The underlying basis for the production of zinc orthotitanate , 
Zn 2 TiO^, from oxalate precursors resides in their instability 
when heated and in the eventual reaction of the "oxalates" or 
their reduction products to form Zn 2 TiO^ . The chemistry of the 
reactions, however, has not been well understood. In previous 
studies of Zn 2 TiO^ pigments, it had bee- established that an ex- 
cess of ZnO in the Zn 2 TiO^ product is necessary (Ref. 4.7). The 
rationale was that a ZnO exces^ could be removed by appropriate 
chemical treatment, whereas a Ti 02 excess could not, and that a 
23nO excess would not promote Zn 2 TiO^ degradation, whereas Ti 02 
would. 

4. 7.2.2 Chemistry 

In light of the questions raised in regard to the proper 
Zn/Ti ratio and their implications, we uelieve it necessary to 
establish conclusively the chemical nature of the products of 
the precipitation process, and the cliemiral reactions involved 
in their high temperature conversion to oxides. Although a 
specific test was not made to assure that the Zr and Ti compounds 
produced in the coprecipitation process are identic^' to those 
produced when precipitated separately, there is much indirect 
evidence, including SEM photomicrographs, tf’ suggest that they 
are . 
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The precipitation and subsequent calcination processes have 
been described ;n the react ion (s ) ; 

2ZnCl^ + 2H„C«0, — ^ 2Zn0x^ ^ 

^ 2 2 4 ; Zn2li0^ 

TiCl^ + H2C20^ "TiOX'y 

In the copreciprtation (COP) process, the chlorides of Zn 
and Ti in the mole rai-io of 2.05 Zn/Ti are added simultaneously 
to an aqueous oxalic acid solution. The resultant precipitate 
presumably also contains a 2.05 Zn/Ti mole ratio. In the "MOX" 
process the precipitates obtained from chloride addition are ob- 
tained individually; the resulting precipitates, i.e. "ZnOx" and 
"TiOX", are mixed to obtain a 2.05 Zn/Ti mole ratio, then bell- 
milled to ensure adequate mixing. In both cases the resulting 
mixture is calcined to o *-~in Zn 2 TiO^ pigment. 

4 . 7 . 2 . 3 Oxalate Molecular Weight Determinations 

4 . 7 . 2 . 3 . 1 Zinc Oxalate 


An obvious requirement in achieving a specific Zn/Ti mole 
ratio is that the molecular weights of the ZnOx and "TiOX" com- 
pounds must be known. Because of the uncertainty in the actual 
effect oi. stoichiometry inherent in the MOX-a irradiation test 
resulcs (IRIF Test No. 1-71), we imdertook a complete review of 
the bases for process chemical calculations. Purposely, we have 
avoided up to this point any reference to the actual chemical 
nature of "T?0X" (the solid reaction product of TiCl^ with H2C.^0^) . 

Sauiples of "ZnOx" and of "TiOX" were individually subjected 
to SEM ar d x-ray analyses, and were calcined at various tempera- 
tures. From mass loss, SEM and x-ray data end analyses of re- 
flectance spectra of the precursors and their products, we have 
conclusively shown that "ZnOx" is ZnC20^.2F.20. We are thus very 
c-.'tain of chis assignment. 
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4. 7. 2. 3. 2 "TiOX" Molecular Wei ght 

The chemical foii.iula of "TiOX”, and thus its true molecular 
weight, can not be obtained as simply. It depends upon tempera- 
ture-induced mass- loss data corroborated by other evidence. 
Literature references are sketchy at best and not directly applic- 
able. Tables 4.27 and 4.28 present the available data on static 
and TGA mass loss of "TiOX"; Fig. 4.138 shows residual mass 
vs time for the TGA test. The reaction at sufficiently high 
temperature leads to the production of anatase titanium dioxide; 
thus, 

"TiOX" — TiO, 


Table 4-27 

Mass Loss Data 
Static Calcination Data 


Temp 

Time 

Weight 

FML* 


<”C) 

(Hr) 

Loss, % 

Conversion 

Yield** 

150 

1 

6.96 

.1491 

.0242 


4 

8.07 

.1729 

.0512 


48 

8.46 

.1813 

.0606 

230 

.083 

17.44 

.3737 

.2791 


1 

39.92 

.8555 

.8261 


4 

44.34 

.9503 

.9336 

340 

.083 

43.73 

.9372 

.9188 


1 

44.43 

.9522 

.9358 


4 

44.89 

.9621 

.9470 

500 

1 

45.56 

.9764 

.9633 


4 

45.52 

.9756 

.9623 

700 

i 

46.66 

1.0000 

.9901 


4 

46.37 

.9938 

.9830 


*FML - Fractional Mass Loss (=% mass loss/maximum \ mass loss) , 
::elates to overall reaction completion. 

^^Yield - Mole fraction of Ti02 formed/mole of "TiOX". 
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Table A -28 
TGA Data 


Temp 

(»C) 

FMR* 

FML* 

Yield** 

25 

1.000 

0.000 

.0000 

75 

.982 

.0373 

.0000 

100 

.969 

.0642 

.0000 

150 

.937 

.0130 

.0081 

200 

.894 

.2195 

.11271 

250 

.785 

.4451 

.3779 

300 

.625 

. 7764 

. 7672 

350 

.568 

.8944 

.9059 

400 

.553 

.9255 

.9424 

450 

.522 

.9896 

1.000 

500 

.517 

1.000 

1.000 

600 

.517 

1.000 

1.000 

700 

.517 

1.000 

1.000 


*FMR = Fraction of original mass 

remaining ; 



FML - Wt. loss/inax. wt. loss; e.g., (1. 0-0. 785)/ (1. 0-0. 517) - 
0.4451 

**Yield - mole fraction of Ti02 formed/mole of "TiOX" 

The highest yield obtained (in terms of mass loss) is 46.667», 
or 53.347o conversion of "'’'lOX" to Ti02. The molecular weight of 
Ti02 is 79.90. Therefore, the inferred molecular weight of "TiOX" 
is 79.90/0.5334 = 149.79 (the last decimal place is not signifi- 
cant). TGA data (see Table 4.23) confirm this calculation. This 
value is in fact the one used in preparing MOX pigments . The 
only literature available (e.g. , Ref. 4.12) lists Ti 2 (C20^) ^ . lOH^O 
with a molecular weight of 540.01. Clearly, this is not the 
product obtained in the precipitation process. 


The mass loss data of tables 4.27 and 4.28 are shewn in 
Fig. 4.139, where the log of the conversion (of the "TiOX" pre- 
cursor to TiO^) is plotted vs 1/T(°K). This method of present- 
ing the mass loss data will be examined subsequently in greater 
detail. The conversion is determined as the ratio of the pro- 
duct mass at any given temperature and time conditions to the 
ultimate (or maximum) product mass. 
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In the extant case, calcination beyond 500“C produces no 
additional mass loss, and the ultimate fractional mass loss is 
0.5334 from static data and 0.517 from TGA data. The difference 
(about 1-1/2%) may be due to batch-to-batch variations or 
slightly different pre-treatment conditions. The extrapolation 
of the conversion data in the low temperature region in Fig. 

4.13? to 0.0 (100% completion) iutersecis at a temperature of 
235 ®C for the static data and at 300°C f?r the TGA data. The 
difference arises because static data rep>resent equilibrium condi- 
tions, TGA data very likely do not, although they exhibit con- 
sistency. 

The true minimxjm molecular weight of "TiOX" can be inferred 
from the static data by correcting its molecular weight by the 
weight loss below 235°C, thus, by the factor (1 - 0.0846), i.e. , 
0.9154. The minimiam molecular weight of the true "TiOX" is then 
(149. 79) • (0. 9154) = 137.12 Hence, for clarification, we have 
"wet" TiOX, i.e., TiOX-nH20, with an actual (effective) molecular 
weight of 149.79 and "dry" TiOx with a minimum molecular weight 
of 137.12. In practice only the "wet" TiOX is used, and the 
term "TiOX", unless otherwise noted will refer to Ti0X-nH20. 

The molecular weight of 149.79 is ecsily within an accuracy 

of + 5%; thus it clearly rules out any possibility that "TiOX" is 

a double oxalate, since Ti(C 20^)2 has a molecular weight of 

223.94. The radical TiC20^++, however, has a molecular weight 

of 135.92. This suggests that "dry" "’iOX" may be H.^TiC20^ 

and that "wet" "TiCX" is H^TiCoO. 0.7 K«0. Chemical analvses of 

2 2 4 2 

"wet" "TiOX" have shown that the carbon content is in the range 
9.3 - 9.7 w/o and that its hydrogen content is approximately 
2.5 w/o. The carbon content vrould argue strongly against "TiOX" 
being an oxalate since the tv70 oxalate carbons in "TiOX" would 
contribute i’’ excess of 16 w/o. 

A more likely formula is Ti(0H).,C02 with a molecular weight 
of 141.94; with a half mole of water of hydration, the mol wt . 
becomes 150.95 (very close to the value of 149.79, and within 
experimental error). With this fom-ila the theoretical values 
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of carbon and hydrogen content also lie well within experimental 
error for the physical test values. The justification for this 
selection follows from the fact that the data from Fig. 4.139 
only set an upper limit to water content; the shape of the curve 
at values of higher mass loss may, and very probably do, reflect 
some oxalate decomposition rather than, as we have assumed, 
only water evolution. The opposite, however, is not true. 
Further, the reaction of TiCl^ with water is known (Ref. 4.13) 
to produce a stable tetravalent hydroxide. 

In an aqueous solution of oxalic acid, there would be a 
competition between the H 2 O and the oxalic acid for reaction with 
the TiCl^. We assume that the following reaction scheme prevails 
in the precipitation process: 

TiCl^ + 4 H 2 O ->• Ti(OH)^ + 4HC1 

Ti(OH)^ + 1/2 H2C20^j-^Ti(0H)2C02 + H 2 O + 1/2 H 2 
From our analyses of the mass data, it is reasonable then to 
postu"^ ate that the reactions of "TiOX" when heated are. 

Ti(OH)2CO3-0.5H2O — ^ Ti(0H)2C03 + 0.5 H 2 O 

Ti( 0 H) 2 C 03 ^Ti02 + CO 2 + H 2 O 

4.5.3 "TiOX" Energetics 

A further analysis of the data in Tables 4.27 and 4.28 
was carried out to establish the reaction kinetics of the "TiOX" 
calcination. The Clausius-C? apeyron equation was used to 
calculate the heat of reaction. From the reduced static and 
TGA data, which are p.otted in Fig. 4. 139, it is quite obvious 
that different reactions occur as a function of temperature. 

In the temperature range below 230°C the heat of activation is 
very high (11814 cal/mole) , close to that expected from the 
desorption of water of hydration (9729 cal/mole). The abrupt 
change in slope at about 1.98x10 (''-225°C) occurs also in the 

TGA spectrum. A close comparison between these and TGA data 
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should not necessarily be expected, since these data were obtained 
under essentially static conditions (by subjecting "TiO.' '' to 
specific temperatures for pre- determined times) while the TGA data 
reflect an instantaneous, not necessarily an equilibrixim, weight 
loss. Fig. 4.139 is based on the Arrhenius equation: 

^1 

K = ^ = S.exp(-AHA/RT) (4.1) 

In logarithmic form, eq. 1 becomes 

log K = log S - 4H^/RT (4.2) 

These equations provide a powerful analytical tool, especially 
when the reactions involved are in, or very nearly approach, 
equilibrium. Eq. 4.2 may be re-written in the form 

y = A - Bx, (4.3) 

where y = log k 

A = log S (a constant) 

B = AH^/R (a constant) 

X = 1/T 

A chemical reaction whose rate exhibits a temperature de- 
pendence can be analyzed to determine Note that in Fig. 

4.139, the slope of log k vs 1/T, and thus the heat of reaction, 
changes abruptly. This signifies that the nature of the reac- 
tion is very different at temperatures above ''^225°C. Other 
points to note in Fig. 4.139 are the close simil:.ricy of the 1 
hr and 4 hr static data in the low temnerature region and the 
apparent discrepancy between static and TGA data. 

The slo’ e of the TGA lata is very close to those of the 
static data. From the ' )lacement between static and TGA 
curves we infer a significant time-dependence of the reactions; 
the TGA reaction at a constantly increasing temperature does 
not have suffic’ent time to reach completion. This is further 
evidenced by the fact that the displarenent in the low tempera- 
ture region, as expected, remains relatively constant with in- 
creasing temperature. Significantly, however, both the TGA 
and static data show a close correspondence above 225°C. The 
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The reason, of course, is jhat the heat of reaction is consider- 
ably smaller (approximately 1575 cal/mole) and the time dependence, 
likewise, is much less. The static and TGA data are consistent 
in predicting a heat of reaction of about 1550 cal/mole for the 
conversion of "TiOX" to Ti02. This would tend to indicate that 
the oxalate precursors do not react differently as a function of 
temperature - at least not in terms of the reaction energy. 

4.7.4 Cone fusions 

Our analyses show rather conclusively that the zinc precursor 
is Zn2C20^. 2 H 2 O. Less certain, however, is the formula for "TiOX", 
the titanium precursor. Mass loss data indicate that its molecular 
weight is approximately 149.8 (137.1 in the "dry" state). The 
formula inferred from these and other data is Ti(0H)2C02:5H20. 

It is certain that "TiOX" is not an oxalate. A Clausius-Clapeyron 
analysis shows two distinct regimes; a low temperature region 
(100-250“C) in which thermal desorption cf water occurs, and a 
high temperature region in which "TiOX" converts to Ti02 with a 
heat of reaction of about 1575 cal/mc^e. 

4.7.5 Reflectance Spectra Analyses 

4. 7,5.1 Materials Descriptions 

The Reflectance Spectra of Pigments Prepared 
at Various Zn/7i Rati^ 

The effects of stoichiometry on the optical properties of 
Zn 2 TiO^ pigments were determined from reflectance measurements 
made on four series of samples, designated "stoichiometry series". 
The first of this series vas prepared from oxalate precursors 
and covered the range of Zn/Ti ratios from 0. 5:1.0 to 2. 5:1.0. 

The second and third series were also of MOX origin and covered 
a range of Zn/Ti ratios from 1.90:1.0 to 2.05:1.0; they were 
prepared as 6-9 and 6-12 pigments, respectively. The fourth 
series was prepared from New Jersey Zinc Go’s SP-500 ZnO and 
DuPont FF anatase Ti02 under 6/2 - 9/14 thermal conditions. 
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The spectra for each series are presented in Figs. 4.140-144; 
these reflectance data will be used subsequently to analyze the 
'• trends. 

In every case the last three series include pigments with 
Zn/Ti ratios of 1.90, 1.95, 2.00 and z.OS. The fourth series, 
the SS pigments, include pigments prepared at a Zn/Ti ratio of 
1.82. The pigment designated 1.82K was prepared as noted above 
except that New Jersey Zinc Co.'s Kadox 25 ZnO was used in 
place of SP-500 ZnO. Its reflectance spectrum reveals its high 
impurity level. For comparison with the remainder of the SS 
stoichiometry series, the 1.82K pigment should not be considered. 
It is interesting to note, however, that the difference in the 
"knee" reflectance of the 1.82 and 1.82K pigments is of the 
same magnitude as that in the MOX pigments with Zn/Ti ratios of 
2. 00 and less . 

These pigment powders were deposited on IRIF sample coupons 
from water slurries. After the samples were dried, their diffuse 
reflectance spectra were measured in the spectral region from 
325nm to 2600nm. The spectra in the region from 500 to 2600nm 
are not particularly significant, and thus have been omitted. 

4 . 7 . 5 . 2 Optical Analyse.s : Zn/Ti Ratios 0.5;1 - 2. 5: 1.0 

The diffuse reflectance spectra (325 to 500nm) for the 
900°C and 1200°C samples of MOX-C through MOX-G are exhibited 
in Figures 4.140 and 4.141. Also included, for comparison, are 
the curves for LH- 106 (6- 12) which, judging from the band edge, 
evidently possesses exact Zn2TiO^ stoichiometry. 

These spectra reveal some important similarities. In 
both the 900“C and 1200°C cases, the band edge shifts with in- 
creasing Zn/Ti ratio toward shorter wavelengths unti' a pigment 
I with a Zn excess is produced (MOX-G) . The shapes of the band 

edges provide deeper insight. The MOX-G samples (2.5:1. 0) 

I show a "knee" which is much more flat than that exhibited by 

I 
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other samples; this is the UV signature of free ZnO. It reveals 
itself in this way because of its sharp fundamental absorption 
spectrum and its very intense absorption below 375nm (see Fig. 
4.139). By contrast the spectrxim of fundamental electronic ab- 
sorption in both rutile and anatase Ti02 is more gentle; the ab- 
sorption constant is approximately an order of magnitude less 
than that of ZnO (below 375nm). The curvature (the shape) of 
the knee for the Zn-deficient sanq>les obviously is much greater 
than that in the Zn-rich pigments. The spectra also show that 
the fundamental band gap of Zn2TiO^ lies at 3.60 eV (340nm) . 

As shown in Table 4.29 the visible and infra-red reflectance 
values of tiie 9C0*C pigments, except in the case of the E-Series 
pigments, are higher than those of the 1200®C pigsients; the ex- 
tinction coefficients, however, show conclusively that the 900"C 
pigments have higher reflectance values than 1200”C pigments. 

It should be noted that the effect of different coating weights 
is accounted for in calculating the extinction coefficients. 

The K33Q values (Table 4.29) exhibit a definite minimum 
in the 1. 5:1.0 - 2. 0:1.0 range of the Zn/Ti ratio for both the 
900“C and 1200®C pigments. This series clearly establishes 
the fact that pigments whose Zn/Ti ratio is in this range possess 
the best reflectance values. 

Comparing the spectra of the various MOX pigments with one 
another Indicates their relative reflectance properties, but com- 
paring each of them directly with the spectral reflectance curves 
for rutile citania, (r-Ti02), anatase titania (a-Ti02) and zinc 
oxide (ZnO) provides us with considerable insight. In the 
spectra of M0X-C(9) the fundamental band edge absorption matches 
that of r-TiO,j very closely both in slope and cutoff wavelength; 
that of M0X-C(12) has the same slope as r-Ti02 but occurs at a 
longer wavelength. This suggests that the impurity absorption 
may be due tc a meratltanate or other Zn-Ti-0 complex. Both 
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M0X-D(9) and M0X-D(12) have absorption bands which closely match 
that of r-Ti02. M)X-E(9) and M0X-E(12) spectra contain no evidence 

of r-Ti02 but do indicate the presence of ZnO; in the M0X-E(12) 
pigment, however, the amount of ZnO is very small. M0X-F(9) and 
M0X-F(12) pigments also contain a slight amcurit of ZnO. The 
certainty in identifying the impurity improves when, as in the 
case of the MOX-G pigments, the "knee" has the classic ZnO shape: 
the band slope matches that of ZnO, and the spectral locations 
of the slope changes are characteristic of ZnO. In some cases 
Eg is close to that of ZnO (3.297 eV) . Both the spectral and 
^350 MOX-G pigments indicate that the 1200®C pig- 

ment, M0X-G(12), contains less ZnO than the 900®C pigment, MOX-G (9). 
The same observation may also be made in the E and F series. 

This experiment strongly suggests the need to maintain the 
Zn/Ti ratio at or slightly below 2.0: 1.0 to achieve maximum re- 
flectance. It also suggests that, on the basis of initial re- 
flectance, the 900°C pigments are best. Most importantly, it 
demonstrates that ZnO is formed in preference to Ti02 and there- 
fore that close stoichiometry control is necessary in the pre- 
paration of Zn 2 Ti 0 ^ pigments from oxalate precursors. 

The reflectance spectra confirm and extend the results of 
X-ray analyses regarding formation of Ti02- It is clear that 
Ti02 is not formed when Zn/Ti ratios are 1.5: 1.0 or greater, 
even though Zn 2 Ti 0 ^ is formed and the titaniiim excess should 
theoretically be observable as Ti02 . At the temperatures in- 
volved here, only the rutile form of Ti 02 would be expected. 

The Ti02 in many of the MOX materials is definitely of the rutile 
form which is found in such materials when prepared at temperatures 
exceeding 700 ®C. 

The most significant finding in these first two series^ 
therefore, is that, both optically and via X-ray analyses, no 
Ti02 is evident in pigments with Zn/Ti ratios of 1.5: 1.0 or 
greater. The MOX-A pigments (with a Zn/Ti ratio of 1.149:1.0), 
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equivalent to the MOX-E pigments of this test, exhibited excellent 
optical properties (but poor stability) - just as the MOX-E pig- 
ments exhibit good properties. 

4. 7. 5. 3 Optical Analyses - Zn/Ti Ratios 1.8;1.0 - 2.05:1.0 

In Figures 4.142-144 are presented the spectra for pigments 
with Zn/Ti ratios ranging from 1.82:1.0 to 2.05:1.0. The trend 
in each case is clear and consistent. As the Zn/Ti ratio in- 
creases, the tendency to form ZnO increases also. 

Other significant observations are that the spectra of 
materials with Zn/Ti ratios of 1.90 and 1.95 do not differ sub- 
stantially. In Table 4.30 we have listed some of the reflectance 
properties and extinction coefficients derived from them (accord- 
ing to the procedures explained subsequently) . Note chat the 
6-9 materials have very much lower values at Zn/Ti ratios 

of 1.90 and 1.95 than do the 6-12 materials. Comparing the 
spectra of 6-9 materials directly with those of the 6-12 
materials discloses a substantial difference between their effec- 
tive band gap energies (i.e. E^) ; 6-9 materials have a larger 
band gap and the nature of their spectra suggests that higher 
temperatures lead to different compounds (possibly sesqui- 
titanates) whose absorption in the 325-350nm region is notice- 
ably higher than that for zinc orthititanate . 

The design of this experiment anticipated one of the effects 

evident in the trend of effective E with Zn/Ti ratio. The 

g 

spectra show characteristic ZnO absorption at a Zn/Ti ratio of 
2.0, and especially at 2.05, in all the pigments. In preparing 
the MOX materials the ZnOx material is assumed to be ZnC20^.2H20 
with a molecular weight of 189.432. The molecular weight of 
"TiOX" is taken to be 150.00, based on gravimetric studies of 
the thermal conversion of "TiOX" to Ti02. The spectra reveal 
very definite evidence of ZnO at Zn/Ti ratios of 2.0 and 2.05. 
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While we would expect this at 2.05, the finding of a significant 
amount of ZnO at 2.0 implies that the effective Zn/Ti ratio is 
greater than 2.0, and that, if indeed the ZnOx mol. weight is 
189.432, the molecular weight of "TiOx*' must therefore be greater 
than 150. This, of course, is consistent with our earlier find- 
ing that "TiOX" is Ti(OH) 2 C 03 ‘ 0 . 5 H 20 (whose mol. wt. is 150.934). 
This conclusion assumes also, however, that the titanium com- 
ponents were not preferentially retained in mixing equipment or 
otherwise selectively removed from the zinc-titanium mixture 
in the process of preparing the various samples. A subsequent 
argument will show that this assumption is substantiated by 
experimental data. 

fi - 1 

The intense absorption of ZnO below 360nm (>10 cm" ) would 
suggest that very small amounts (of the order o^ several tens 
of ppm) would be necessary to cause a significant reduction in 
the reflectance in the 325 - 360nm region. In other words the 
reflectance in this region is highly sensitive to the concentra- 
tion of ZnO. 

Another comparison which may be made is that between the 
2.05 MOX (6-12)Alc sample and the others. This sample pigment 
was prepared from oxalate precursors which had been precipitated 
in alcohol solutions (as opposed to aqueous solutions, which are 
normally used). The spectra are shown in Figure 4.142 and the 
appropriate data have been listed in Table 4.30. Note that 
the spectra and properties of the alcohol sample differ markedly 
from those of the aqueous samples. The nature and shape of the 
spectra are indicative of a large particle size, larger than 
those of the aqueous materials. The shape of the reflectance 
spectrum below 400nm is also very interesting. The sharper 
absorption in the 376nm region suggests that the material has 
much more ZnO in it than an equivalent material prepared by 
aqueous precipitation. 




Of the many data examined in the stoichiometry series in- 
vestigations, those shown in Fig. 4.145 are the most important. 

In that figure are plotted the values of the stoichiometry 

series pigments in the Zn/Ti ratio range of 1.90:1,0 to 2.05:1.0. 


is defined as 




(4.4) 


where 70 


° an optimum reflectance value at X 
= reflectance value at X = 350nm 
film thickness , cm 


350nm 


The importance of Figure 4.145 resides in several critical 
characteristics of the data. First, all the curves display minima 
at Zn/Ti ratios less than 2.0: 1.0. Second, all curves show a 
very strong dependence of on ZnO content, i.e. on Zn/Ti ratios 

above the minima, and a rather weak dependence below them. Third, 
the minima for MOX pigments occurs at Zn/Ti == 1.95, while 

that for SS pigments, at Zn/Ti * 1.90:1.0. Fourth, the slopes 
at Zn/Ti ratios above these minima are almost identical. 

The conclusions from these observations are that the most 
reflective pigment is not one with exact Zn 2 TiO^ stoichiometry; 
both SS and MOX data agree on this point. If we accept that the 
molecular weights of SS pigment precursors are not subject to 
challenge, then these data strongly suggest that the molecular 
weight of "TiOX” must be 153.95 rather than the estimated 150 • 
i.e., higher by the ratio of 1.95/1.9C the ratio of the minima 
of values of MOX vs SS pigments. Quite obviously, they 

also imply that a Zn/Ti ratio above 1.90 has a much more serious 
effect than one less than 1.90. The implications of Fig. 4.145 
are very important but we must point out, even emphasize, that 
these data pertain to unirradiated pigments and thus should be 
regarded as tentative, particularly with respect to their 
stability in paint systems. UV irradiation test data are 
summarized in Table 4.31 and graphically presented in Fig. 4.146 
as a function of Zn/Ti ratio. The trends in the 6-9 pigments 
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Zn/TI RATIO 


Fig. 4.145 RELATIVE ABSORPTION COEFFICIENT AT 
X* 350nm VS Zn/Ti RATIO IN ZOgTIO^ 
PIGMENTS 


4-238 


1 

1 

I 

I 

I 

1 


I 

I 

1 

I 

I 

I 


- 





A 6-9 
O 6-12 






2.00 2.05 

Zn/Ti RATIO 

RAL STABILITY VS Zn/TI RATIO 


4-239 



Indicate that damage tends to be greatest at a Zn/Ti ratio be- 
tween 1.95 and 2.0. The behavior of the 6-12 pigment with a 
Zn/Ti ratio of 2.0 may be anomalous, because the trends, other- 
wise, are quite consistent. 

4.7.6 Summary 

The stoichiometry series pigments have led to several very 
significant observations: Ti02 is not formed even at Zn/Ti 

ratios as low as 1.5: 1.0; the most "pure" Zn2TiO^" has a Zn/Ti 
ratio in the range of approximately 1.90:1.0 - 1.95:1.0; and 
UV stability of the pigment does depend upon pigment stoichiometry. 
The slopes of the steep portions of the curves in Fig. 4.145 are 
as expected for small concentrations of a strong absorber (viz., 
ZnC) . The fact that they all have nearly the same slope is 
further evidence, and suggests hat the amount of ZnO formed is 
Independent of the calcination temperature. 

The at' sumption that Zn2TiO^ is a pure compound has pervaded 
this entire program. We speak of Zn-rich Zn2TiO^ and of Ti-rich 
Zn2TiO^. The reaction, 

nZnO + mTi02 Zn2TiO^, 

is said to be exactly stoichiometric when n/m * 2.00. When n/m 
>2.00, the resultant Zn2TiO^ is Zn-rich. However, when n/m <2.00, 
it is not possible to claim that the resultant Zn2Ti0^ is Ti-rich. 
This is probably because of competing reactions of the precursors 
to form ZnTiO^ (metatitanate) , Zn2Ti^0g (sesquititanate) , Zn2Ti0^ 
(orthotitanate) , and perhaps other Zn-Ti-0 con^lexes. Fina'ly, 
it is significant that the impurity in pigments with Zn/Ti ratio 
>2 is ZnO, v:hile the impuritie*: in those with Zn/Ti ratios of 
less than 2.0 are obviously neither ZnO, nor Ti02. 
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5.0 BINDER DEVELOPMENT 


5.1 INTRODUCTION 

The fact that binders also must be stable when exposed to 
ultraviolet radiation can perhaps best be understood in terms of 
their transmission spectra relative to those of the pigments used 
with them. The pigment and binder compete for the absorption of 
ultraviolet photons. Since inorganic pigments, from a pragmatic 
point of view, are far more stable than organic or semi-organic 
binders, the paints made from pigments with fundamental absorp- 
tion edges occurring at wavelengths longer than those of the 
binders in which they are dispersed will in general be more stable; 
semi- conductor pigments (e.g. ZnO) absorb so strongly in the ultra- 
violet that they afford very good protection to the binder. To 
achieve very low solar absorptance coatings, however, the funda- 
mental absorption edge must be at shorter wavelengths than those 
of the more common semiconductor pigments. This, of course 
"exposes” the binder to more ultraviolet radiation and therefore , 
potentially to substantially increased binder damage. 

5 • 2 OWENS-ILLINOIS 650 "GLASS REb'N" IMPROVEMENT STUDY 

Owens Illinois 650 "Glcss Resin", even unprotected, has 
displayed very good ultraviolet stability anj accordingly, is 
considered with great interest. The principal reason for its 
not being used in its commercially available form is that it 
has poor physical properties. Because of its double-chain struc- 
ture and its high residual functionality, coatings made of this 
resin become very brittle and craze on aging. This effect is 
called "coasting" and reflects an ongoing curing process. 01-650 
glass retiin is produced by polymerization of a trifunctional 
monomer; the completely cured material thus lacks molecular 
flexibility. 


r 


-1 
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We have studied the possibility of improving the properties 
of 01-650 by end group blocking, and by copolymerization of the 
B- staged resin with a linear polydimethylsiloxane before curing. 

5.2.1 Internal Plasticizing of 01-650 Glass Resin by 
Copolymer'izati^ 

This approach is based on the concept that introduction of 
linear polydimethylsiloxane segments in the 01-650 structure should 
increase the flexibility of the resin. The procedure employed in- 
volves (a) preparation of polydimethylsiloxane by polymerization 
of dimethyldichlorosilane; (b) copolymerization with 01-650. 

Dimethyldichlorosilane was added to a mixture of methylene 
chloride and water under stirring. The resin obtained dissolves 
in the organic phase. The organic layer was separated and 
thoroughly washed with water until neutral to eliminate all traces 
of HCl. This solution was added to a solution of the 01 resin 
in absolute ethanol at the ratio desired, and a clear mixture is 
obtained. On curing, the hydroxyl- terminated polydimethylsiloxane 
acts as an internal plasticize^ . 

Variable amounts of polydimethylsiloxane have been used 
(17o to 107o by wt.). Unpigmented coatings of various thicknesses 
were cast on aluminum plates, and cured at room temperature, at 
80“C, and at 170“C. The flexibility of the coatings is notice- 
ably improved by the presence of polydimethylsiloxane at con- 
centrations between 1 and 57. by wt. 

A composition of 01-650 was prepared containing 4.87. (by 
weight) polydimethylsiloxane. Paints were formulated from standard 
01-650 and from the "modified" 01-650, using zinc orthotitanate 
as the pigment. 

Tests of 417. PVC films indicate a lowered adhesion of 
both standard and modified films. The "modified’’ film, however, 
when baked at 200®F overnight displays a better gloss (implying 
less binder demand) than the standard film; and it forms a much 
tougher film than that of the standard paint. Films baked at 
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350"F are not improved, and in fact become somewhat brittle. 

Since the product of hydrolysis of dimethyldichlorosilane has 
a broad molecular weight distribution which includes cyclic oligo- 
mers, (that is, low molecular weight components that may cause 
outgassing problems) , it was thought that an improved composition 
could be obtained by further polymerizing the product of hydrolysis 
of dimethyldichlorosilane to a higher molecular weight, fully 
linear polymethylsiloxane . This product could then be used for 
the modification of the 01-650 resin. The following procedure 
was employed for the synthesis of an hyoroxyl- terminated, linear 
polydimethylsiloxane : 

Dimethyldichlorosilane (lOOcc) was added slowly from a 
dropping funnel to vigorously stirred water (300cc) maintained 
at 20-25®C with an ice bath. When the addition was completed, 
the organic layer was taken up in ethyl ether (75cc) separated 
from the water phase and dried over magnesixan sulfate. The 
ether solution was filtered and the ether removed by evaporation. 
The product obtained (33g) was placed in a bottle with con- 
centrated sulfuric acid (6.1cc) and ethyl ether (16cc) . The 
mixture was stirred at room temperature for one day and became 
very viscous. Then 33cc of ether and 16cc of water were added 
and the mixture was shaken for another hour. The aqueous layer 
was drawn off and the solution washed three times with water 
and then dried over anhydrous potassiton carbonate. The ether 
was distilled by using a water pump. The clear viscous oil ob- 
tained is a hydroxyl- terminated, linear polydimethylsiloxane, 
soluble in various hydrocarbon and other solvents. 

This material was added in various ratios to the 01-650 
resin in solution. It was found that tetrahydrofuran (THF) 
can be used as a common solvent for the two resins. However, 
poor compatibility (that is, mutual solubility of the linear 
siloxane and 01-650) , was observed. On evaporation of the 
solvent, phase separation occurs, resulting in the formation of 
droplets of polydimethylsiloxane in the 01-650 matrix. 


5-3 



5.2.2 Modification of 01-650 Resin by Partial End-Blocking 
With Trimetliyl<^oyosilane 

This approach is based on the consideration that the high 
functionality of 01-650 resin is responsible for the highly cross- 
linked nature and rigidity of the cured polymer. By partial end- 
blocking of reactive functional (i.e. silanol) groups, the ex- 
tent of cross-linking of the resin could be reduced and flexibility 
could be improved. 

Blocking of the silanol groups of the resin was accomplished 
by reacting it with trimethylchlorosilane : 

CH- 

\ ' I ^ 

-Si-OH + (CH,),-SiCl ->-Si-0-Si-CH, + HCl (5-1) 

/ ^ ^ ^ \ ^ 

CH3 

This reaction was studied under various conditions. If the resin 
is reacted with an excess of trimethylchlorosilane in the absence 
of a solvent, a vigorous reaction occurs and hydrochloric acid is 
evolved, but the reaction occurs predominantly on the surface 
the resin. Better results are obtained in the presence of a sol- 
vent. It was found that the best solvents for this reaction are 
weakly basic amides such as dimethyl formamide (DMF) , In non- 
basic solvents, such as acetone, little or no reaction occurs and 
hydroxyl groups are still present at high concentration after 
reaction. In basic solvents, such as pyridine, a highly exothermic 
reaction occurs with formation of a complex pyridine- trimethyl- 
chlorosilane. In weakly basic amides, such as DMF, a moderately 
exothermic reaction occurs and blocking of hydroxyl groups can 
be obtained. In preliminary experiments, an excess of trimethyl- 
chlorosilane was used and complete blocking of hydroxyl groups 
was obtained, as indicated by infrared analysis of the resin after 
reaction. In subsequent work, a calcalated amount of trimethyl- 
chlorosilane was utilized in order to obtain a resin having the 
desired level of residual hydroxyl groups. 
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5.3 ENGINEERING EVALUATIONS 


Two samples of the 01-650 resin modified by partial end- 
blocking with tr ime thy Ichlorosi lane, designated OI-650G, were 
submi ^:ted to the paint laboratory for preliminary evaluations , 
each sample being approximately 23 grams. 

Extensive solubility tests were conducted, the results of 
which are summarized in Table 5.1. The procedure involves the 
following steps: the resin was dispersed in the test solvent 

and its solution properties noted; and the films cast from these 
solu ions were then checked for appearance and physical properties. 
The ymbols in Table 5.1 are identified in the key. In general 
the lydrocarbons are the best solvents for OI-650G. 

Two different thinner formulae were used and evaluated 
for t taking a 50% solution of the resin. 

"Mix g" 

Benzene 

Isopropyl Acetate 
Isopropyl Alcohol 

" Mix B" 

Toluene 757o by volume 

Butyl Acetate 15% 

Butanol 10% 

Pours of ' 'C .1 solution were made over tin strips, one of which was 
air- cur d overnight, the other cured at 212°F overnight. The air 
cured ^jours are much more tacky than the baked ones, and the "mix a" 
po- rs are tackier than the "mix 6" pours. This latter finding shows 
unat the use of a slower (less volatile) solvent kept the coating 
open longer for a better final dry. 


757o by volume 
15% 

107. 
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Table 5 , 1 
LIST OF SOLVENTS 


Hydrocarbons 

Solution 

Film 

Petroleum ether 

±* 

+* 

Benzene 

+ 

+ 

Toluene 

+ 

+ 

Xj lene 

+ 

+ 

Ethyl benzene 

+ 

± 

Alcohols 

Methyl alcohol 

P 

i 

190p Ethyl Alcohol 

P 

i 

200p Ethyl Alcohol 

± 

± 

150p Isopropyl Alcohol 

± 

+ 

Butyl Alcohol 

+ 


Methyl Isobutyl Carbinol 

+ 

+ 

Esters 

Ethyl Acetate 

± 

± 

180p Isopropyl Acetate 

+ 

+ 

n-Butyl Acetate 

+ 

+ 

Methyl Amyl Acetate 

+ 

+ 

Cellosolve Acetate 

+ 

+ 


(poor solve: 

Ketones 

Acetone 

± 

± 

Methyl-ethyl Ketone 

± 

± 

Methyl Isobutyl Ketone 

+ 

+ 

Diacetone 

P 

P 

Cy c lohexanone 

P 

P 

Cellosolves 

Methyl Cellosolve 

P 

P 

Ethyl Cellosolve 

P 

P 

Butyl Cellosolve 

P 

P 

Nitro Compounds 

2-Nitropropane 

P 

P 


*Key: + = soluble clear 

± * soluble hazy 
i = insoluble 
p = precipitate forms 
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Using '*mix 6", two grinds were made of zinc orthotitanate 
pigment (lithium silico fluoride treated and flash re- calcined) , 
one at 26% Pigment Volume Concentration (PVC) and the other at 
35% PVC. Both grinds were sprayed on clean aluminum and the 
panels baked overnight at 212“F. The 26% PVC coating, while not 
tacky to the touch, exhibits some evidence of dirt collection 
under pressure, particularly when making conical mandrel and 
10- inch pound reverse impact tests. The 35% PVC coating gave 
better results. Both panels passed the conical mandrel and 10 in- 
pound reverse impact tests. 

Baking for 16 hr at 212 ®F is required to provide a coating 
not readily soluble in the original solvent. Paints, pigmented 
at 35% PVC with S-13G pigment (potassium silicate treated SP500 
ZnO) , possess excellent shelf-life. (Note that unmodified 01-650 
resin cannot usefully be pigmented with silicated zinc oxide: 
the mixture gels almost instantly) . A series of paint films em- 
ploying S-13G and zinc orthotitanate pigments were prepared in 
order to establish the cure conditions. One series (designated 
A-429M) is S-13G pigment in OI-650G; second, in zinc orthotitanate 
in 01-650, and Zn2'ri0^ in OI-650G. Out of each series, one film 
was air dried, one was cured at 250 “F/ 16 hr, and a third cured 
at 350“F/16hr. All of the unmodified films showed evidence of 
cracking, while the OI-650G films did not. The modified films 
definitely require a heat cure. Although, 250°F produces a 
satisfactory cure, the 350°F treatment, at least from the stand- 
point of outgassing, is preferable as will be shown below. All 
of the films which were heat cured displayed excellent adhesion 
and film toughness. Their general appearance was also very good. 

A study of the outgassing of modified 01-650 has been per- 
formed by using isothermal TGA in conjunction with a diffusion 
pximp (10 ^ mm Hg). This apparatus allows continuous recording 
of the weight of the sample. For the purpose of determining the 
effect of curing temperature on outgassing, two paint samples of 
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A-429M have been tested, one cured at 325®F, the other at 400 “F. 
A-429M designates the system: ZnO:K2SiO2/OI-650G. The samples 

were maintained under vacuum at ambient temperature, then heated 
at 125**C for 25 hr. As expected, the total weight loss due to 
outgassing decreases with increasing curing temperature. The 
weight loss from a sample cured at 3?5®F was 1.057» at room 
temperature (in vacuo) and 1.25% after subsequently heating it 
under vacuum at 125“C (total loss, 2.33%). The weight loss of 
the sample cured at 400“F averaged 0.59% at room temperature (in 
vacuo) and 0.39% after heating in vacuum at 235“C (total loss, 
0.98%). Outgassing tests on three different batches of OI-650G 
have also been performed by J.P.L. The following results indicate 
increasingly poor outgassing characteristics: 


Batch No. 

TWL 

VCM 

M-97 

0.17 

0.05 


0. 15 

0.04 

M-102 

0.89 

0.64 


0.55 

0.41 

M-126 

1.53 

0.95 


1.10 

0.75 


The outgassing acceptance criteria (ref. 5.1) are: TWL <17o: 

VCM <0. 1%. 

5.4 FUTURE BINDER STUDIES 

The two current problem areas with OI-650G are its poor 
outgassing characteristics and the need for a relatively high 
curing temperature (350 °F) . Outgassing may be caused by the pre- 
sence of low molecular weight components formed by excessive end- 
blocking of resin. It is recommended that in future work the 
extent of end-blocking be reduced and that the effect of the de- 
gree of end-blocking on the outgassing characteristics of the 
resin be investigated. A lower degree of end-blocking is also 
expected to increase the reactivity of the modified resin and to 
allow the use of a curing temperature lower than the one currently 



employed. It is also conceivable that a room temperature curing 
OT-650P could be obtained by using catalytic amounts of a tertiary 
amine. In order to maximize UV radiation stability, an ultra- 
violet transparent catalyst should be selected. The use of tetra- 
methyl-methanediamine is recommended. This compound is expected 
to be superior to tetramethylguanidine (commonly used for curing 
RTV silicones) because of the absence of UV-absorbing double bonds 


CH- 

/ ^ 



CH. 

CH, 

CH 

3 


N-C-N 

CH^ 

CH,'' 

II 


NH 


3 

3 


Tetramethylmethanediamine Tetramethylguanidine 

5.5 REFERENCES 

1. R.F. Muraca et. al., "Polymers for Spacecraft 
Hardware; Materials Characterization," JPL 
Contract No. 950745, Stanford Research Institute 
Interim Report No. 3 - Part I, Dec. 9, 1966. 
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6.0 ELECTRON PARAMAGNETIC RESONANCE INVESTIGATIONS 


The primary and ultimate test of any pigment is its environ- 
mental stability. As we have seen, a considerable amount of in- 
formation can be gleaned from the reflectance spectra of experi- 
mental materials which have been exposed to simulated space en- 
vironment tests. In addition to these and to the other usual 
analyses accompanying the development of space-stable pigments, 
e.g. SEM and x-ray, we Initiated several intensive investigations 
to elicit additional information affecting the development and 
characterization of Zn 2 TiG^ pigment. They have supported various 
aspects of the pigment development efforts at various .stages. 

One of the first supporting investigations was the effort to 
characterize the electron giaramagnetic resonance (EPR) properties 
of experimental Zn^TiO^ pigments, before and after UV irradiation. 
These investigations have produced several conclusions important 
to the successful development of stable Zn 2 TiO^ pigments. 

6.1 BACKGROUND 

The intent of the EPR studies is, basically, to provide an 
analytical tool for characterization of defects in Zn 2 TiO^ pigments. 
It would be useful to detect and discriminate between those "de- 
fects" which are intrinsic, created in the manufacturing process, 
or are Induced by simulated space environmental influences. These 
studies were initiated early in the program and carried out over 
an 18 month period. The Zn 2 TiO^ pigment referred to in these 
studies was produced by the solid state method; the reference pig- 
ment for these studies was B-229 (defined in ref. 6.1). EPR 
studies included not only Zn 2 TiO^ pigments but their precursors. 

Of special interest in the latter studies were the EPR spectra of 
individual precursors before and after thermal treatments identical 
to those used in converting their mixtures to Zn 2 TiO^ pigments. 
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The EPR research efforts primarily utilized an high-vacuum 
in situ irradiation facility mated to the EPR spectrometer. They 
confirm in part fiome of the results of earlier work, in which the 
conclusions were considered tentative due to poorer vacuum condi- 
tions (Refs. 6.1-3). 

In particular, the purposes of these investigations have been: 

• the rationalization of the differences in optical 
damage in differently treated zinc orthotitanate 
pigments both in terms of intrinsic defect structure 
and in terms of the presence of precursor-type 
oxides; 

• the elucidation of the various EPR-active species 
in Zn2TiO, and of the importance of metastable 
species; ^ 

• the identification and characterization of the 
species responsible for the optical damage at ''^0.9 
microns (S-band) ; 

• the clarification of the relationship of residual 
paramagnetic centers in ZnO to damage at '\'363nm 
and in the infrared; and, most importantly, 

• the correlation of centers detected by EPR spectro- 
scopy with those which are optically important. 

A comprehensive summary of previous EPR work is provided in 
Reference 6.1. and should be consulted for completeness. 

6.1.1 Experimental-Equipment and Procedures 

A Varian Model 4500 EPR Spectrometer System with a model 
V-4012-3B 12" electro magnet and model V2100B regulated power 
supply was used. An NMR magnetrometer was used for precise calibra- 
tion of the magnetic field strength while the Klystron frequency 
was monitored by a Hewlett-Packard Model 5255A frequency converter. The 
spectrometer, equipped with high vacuton irradiation and gas ad- 
sorbate equipment, appears in Figure 6.1. The in-situ equipment 
consists of a mounting structure (on the right in the photograph), 
a 20 liter/sec. ion pump (middle right), and valving and vacuum 
connections (middle left). The EPR tube (lower left) is mated to 
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this equipment through an "0-ring" connection. The mounting 
structure, '.jliich is suspended from the cei ing, is movable vert- 
ically so that the EPR tube may be raised and lowered into the 
Varian EPR spectrometer cavity between the pole pieces of the mag- 
net. The la^<-er lies below the table and is not visible in the 
photograph. 

The samples are placed in suprasil EPR tubes and subjected 
to unfiltered radiation from an Osram 500 watt, point source 
Mercury Arc lamp collimated with a four-inch diameter fused silica 
lens (focal- length four inches). The lens is placed at approxi- 
mately twice the focal length from the lamp providing a one-to- 
one magnification of the point-source arc whose :.mage is contained 
entirely within the sample area. Overnight irradiation with 
this collimated source provides the equivalent of 500 ESH of AH- 6 
radiation. Irradiations were carried out at 77 “K (LN 2 ) and at 
ambient temperatures both inside and outside the dewar and cavity. 
Several irradiations of samples at room temperature were conducted 
using AH- 6 radiation. 

In all cases the samples were under high-vacuum in Varian 
suprasil EPR tubes with approximate 3mm ID. EPR measurements 
were carried out at liquid nitrogen temperatures, with the excep- 
tion of an experiment in which metastable species were investi- 
gated. 

In some experiments, the admission of air or O 2 to the 
samples in EPR tubes upon completion of post-irradiation EPR 
measurements was accomplished, in all cases with the samples at 
room temperature. This usually necessitated removing the sample 
from an LN 2 dewar, admitting the gas, re-pumping and then re- 
cooling to 77°K for EPR measurements. (The bleaching experiments 
performed were preliminary and served more of a diagnostic pur- 
pose than a detailed dynamic gas adsorbate EPR investigation). 

The way in which some of the bleaching experiments were performed 
thus necessitated an investigation of temperature effects and 
the role of metastable species to distinguish those effects from 
true adsorbate phenomena. 
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6.1.2 Experimental Results 

6. 1.2.1 ZnO 

Untreated SP-500 ZnO gives a weak EPR signal as shown In 
Figure 6.2a. After 30 minutes of In situ Irradiation at 77°K 
at a vacuum of 10~^, the Intensity la greatly Increased as Is 
shown In Figure 6«2b. Figure 6- 3a shows tl3 Intensity of the 
g - 1.9565 signal after warming the Irradiated material to, and 
holding It at, room temperature for 45 minutes (while under high 
vacuum); after then re-coollng to 77*K (for an EPR measurement), 
the signal Intensity had decreased by about one-half (Figure 
6.3b). Re- irradiation for 30 minutes at 77®K restored the pre- 
vious (irradladon-produced) Intensity (Figure 6.3c) . Wanring 
the sample to room temperature again and admitting 'V'O,? tcrr 
O 2 resulted in a large decrease in the EPR signal (at 77“R, . 

The pre- irradiation signal ir shown in Figure 6.4a, after O 2 
bleaching as Figure 6- 4b indicates, the signal is actually smaller 
than the original signal. 

6. 1.2.2 Anatase Titanium Dioxide Converted to Rutile 

The EPR spectrum in Figure 6.5 is that of DuPont FF-anatase 

converted to rutile by a thermal treatment identical to that given 

the oxide mixture (ZnO and TIO 2 ) in the solid state method of 

preparation of Zn 2 TiO^; it was prepared in a water slurry, dried 

and heated at 925°C in air and annealed. A paramagnetic center 

with g| * 2.0037 and gj^ ■= 2.0005 (most likely an c xygen species) 

is the only center observed prior to high vacuum treatment. 

After the formation of rutile in this manner, the material was 

heated at (500/6) at 10 ^-10 ^ torr. An intense asymmetric 

+3 

signal attributed to Ti with ^ - 1.9864 and g^^ » 1.9469 was 

observed. (See Figure 6.6). Comparison of this latter spectrum 

4 i 

with that of a secondary standard of Mn in CaCO^ yielded a spin 
concentration of 2.0 x 10^^ rpins in a sample of appro.dmately 
0.2 gram. The spectrum of LW anatase heat treated in high 
vacuum is shown in Figure 6. 7 for comparison. No additional 
centers were produced or destroyed by: (a) in-situ irradiation 

for 30 minutes at 77®K, (b) irradiation for 39 hours at ambient 
temperatures, or (c) admission of air. 
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H ► 

*'mic* 9142 MHz 

27.3G 


2 EPR SPECTRA OF ZnO AT 77 "K EFFECT 
OF ULTRAVIOLET IRR^ ATION AT 
77"K 

(a) Before Irradiation 

(b) After Irradiation 








Figure 6.4 EPR SPECTRA OF ZnO AT 77°K EFFECT OF 0„ 
(ONE TORR) ON ULTRAVIOLET- CREATED CENTER 

(a) Original, before irradiation and 0« 
bleaching 

(b) After irradiation and O 2 bleaching 
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= 1.9864 


K-78.46-H 


*'mic 9700.1 MHz 


g„ =1.9469 


Figure 6.6 EPR AT '^77“K OF F.F. XANATASE) TiO, HEATED AT 500“C FOR 
SIX HOURS AT TORR. MODULATION - 20.3 G 



= 9688.27 MHz 


2.0016 

/r^g= 1.9864 


Figure 6.7 EPR AT ''^77“K OF LW ANATASE HEATED AT 500“C FOR 
FOUR HOURS AT 10"° TORR. MODULATION - 2.67G 




6. 1.2.3 Zinc Orthotltanate (B-229) 


A control of san^le of Zn2T10^ material (IITRI Batch No. B>229) 
was heated for four hours at 10“^-10“^ torr. An intense EPR signal 
with “ 1.9796 was observed as well as at a gj^ « 1.9864 and the 
resonance "y"> tentatively assigned to conduction electrons in 
ZnO. The spectra are shown in Figure 6.8. The spin concentration 
was 2.1 X 10^^ in a sample of approximately 0.2g. 

The sample B*229 Zn 2 TiO^ with I I excess ZnO was Irradiated 
in the EPR cavity in a vacuum of lO”^ torr at rocm temperature: 
the £P^ spectrum was observed simultaneously. The 'spectrum was 
noisy, but it was apparent that two signals not present in the 
ground state were created, one at g » 2.00 and one at g 1.98. 
Liquid nitrogen was added to the dewar during Irradiation and the 
signal- to-noise improved (as expected). Warming the sample to 
room temperature for 'v«15 minutes and re-cooling resulted in the 
disappearance of the g = 1.98; the spectra are shown in Figure 
6, 9a. After rewarming the sanq>le to room temperature for 'v»22 
minutes and recoollng, both photo-created signals had disappeared 
as is shown in Figure 6.9b. The large signal in both spectra is 
the y' center (s) in ZnO. 

The sao^le was evacuated to 10~^ torr and EPR spectra was 
obtained initially (Figure 6. 10a) , and after one hour room tempera- 
ture irradiation (Figure 6. 10b) , 20 hours room temperature irradia- 
tion (Figure 6.10c), and after admission of air at 760 torr (Figure 
6.10d). A new signal at g « 4.25, which seemed to be affected 
by irradiation was detected but no fully investigated. Only after 
extensive irradiation was the center "x" detected, and it did not 
alter even after three days in air. On the other hand the signal 
"y", attributed to centers in ZnO, did indicate a photo -created, 
air bleachable component. 









6. 1 . 2 . 4 B-454, Zn ^ TiO^^ (B-229) : LI q SIF^ 

In contrast to the above results, this sample contains no 
centers attributed to ZnO and after 14 hours of irradiation at 
room temperature, no new centers are created. Four unidentified 
centers (shown in Figure 6.11) are observed with mean g values of 
2.0840, 2.0664, 2.0018 and 1.9572. An EPR signal at g = 4.25 
was observed but was weaker than that found in irradiated, un- 
treated zinc orthotitanate . 

6 . 1 . 2 . 5 Zno TiO^ with Excess TiO o 

The sample was evacuated to less than 10"^ torr and sub- 
jected to room temperature irradiation and subsequent air bleach- 
ing at one torr for 51 minutes. The spectra are shown in Figure 
6-12. Figure 6- 12a shows the spectrum of the sample prior to 
irradiation. In contrast to the results obtained in irradiation 
Zn 2 TiO^ with an excess of ZnO, 2 hour room temperature irradia- 
tion of this material created the signal at g = 1.98 (Figure 
6 -12b) and 19 more hours of irradiation further increased the 
signal (Figure 6- 12c). Additionally, the center was partly 
bleached (Figure 6-12d) by exposure to air for 51 minutes at a 
pressure of one torr. Centers attributable to ZnO were not de- 
tected in Sample 3, but the center at g = 4.25 was intense. 

6. 2 Discussion of Results 

6.2.1 ZnO 

Unirradiated SP-500 ZnO exhibits only a weak EPR signal at 
g = 1.9561, which is identified by Geisler and Simmons (Ref. 6.3) 
as the ultraviolet- sensitive center in non-heat treated ZnO. 

This signal is increased by ultraviolet irradiation and is oxygen 
bleachable, thus suggesting that it is associated with the bleach- 
able infrared damage in ZnO. We are reasonably certain that the 
center itself is not the infrared absorbing species but rather is 
a localiiifcd surface paramagnetic center (trap) that is produced 
simultaneous Iv with the promotion of electrons to the conduction 


6-14 



1 


% 


!J 




Figure 6.12 EPR SPECTRUM OF Zn2TiO^ ISTH EXCESS Ti02 
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band. A svnmnary of so'.ne of che centers fotind In ZnO by us and 
also by other Is listed In Table 6 1. Since the sample that we 
investigated had not been subjected to high temperature heat- 
treatment, the center with a mean g - 1.960 (which we call "y") 
and the center whose g components are - 1.9556 and g|| « 

1.9569 were not found in ZnO. 


Table 6-1 

PARAMAGNETIC CENTERS IN ZnO 


Center 

How Created 

Identification of Center 

g - 1.960* 

(donor-heat created) 

Substitutional halogen 

g = 1.9569* 

Heat created 

Electrons in oxygen 

g = 1.9556* 


Anion vacancies 

g » 1.9561** 

Ultraviolet created 

Shallow surface trap 


*Found by Kasai (ref. 6.4) (as well as IITRI and others) 
**Found by Geisler and Simmons (ref. 6.3). 


In previous reports and publications we have postulated that 
Infrared damage in zinc oxide is due to absorption by electrons 
trapped in the conduction band (Ref.'s 6.5-7). The possibility 
certainly exists that a trap lying a few hundredths of an eV be- 
low the conduction band also contributes, but we have claimed that 
such a trap, would be filled very rapidly and that nearly all of 
the induced absorption would result from conduction electrons. 

The ultraviolet sensitivity of the g - 1.9561 center and the fact 
that it is oxyget. bleachable, together with our strong conviction 
that the EPR of conduction (fr e) electrons would be extremely 
difficult to detect at 77®K, make it apparent that this signal 
is associated with the shallow trap. Thus, the effect of ©2 
bleaching is to remove electrons from the conduction band and, 
consistent with earlier models, to re-oxidize the localized sur- 
face trap at g “ 1.9561, with the ultimate formation of negatively 
charged oxygen species at the surface. 
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6.2.2 TlO o 

The EPR spectra of the DuPont FF anatase which was partially 
converted to rutile seems to be unaffected by ultraviolet Irradia- 
tion, and the EPR centers found In both Irradiated and unlrradlated 
materials resemble those found In the unirradlate^^ precursor ana- 
tase (cf Figure 15, Ref. 6.7). These findings. If verified, would 

rule out any Important effect of residual T10« In zinc orthotlta- 

+3 ^ 

nate - at least Insofar as Ti species (In TIO 2 ) might contribute 
to S-band damage. An x-ray diffraction pattern of this sample 
Indicated the presence of both forms. Anatase appeared to be pre- 
dominant, but the rutile form was present to the extent of 30-407». 

6.2.3 Metastable Species 

The term metastable Implies that the species is very short- 
lived, especially at room temperature. Hence It Is very Important 
to correlate ultraviolet- Induced magnetic resonance changed with 
the stable optical changes. To achieve the high level of sensiti- 
vity required, EPR measurements are normally made at 77“K dis- 
appears upon warming the sample, then It Is almost certainly not 
related to any optical damage which persists unaltered through 
the same temperature change. 

Zinc orthotltanate, like ZnO and T10.>, Is a large band gap 
semiconductor; very likely Its band structure resembles that of 
TIO 2 more than that of ZnO. The upward curvature of the valence 
and conduction bands near the surface would lead us to suspect 
that any given type of defect would have different properties de- 
pending upon Its distance from the surface compared to the band 
cur^Mture. Oxygen bleaching experiments (Ref. 6.6) have In fact 
conclusively sho\7n that in both T 102 and Zn 2 TiO^ the visible-near 
infrared damage is only partly bleachable, yet the EPR spectra 

43 

puggest that the same species, in this cr^a Ti , are responsible 

for both the bleachable and unbleachable optical absorption, 

+3 

surface and bulk Ti , respectively. 
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It has now been demonstrated that a form of T1 which is 

metastable can be produced by Irradiation at 77*’K; and that a 
+3 

different Ti species is produced only after extensive irradia*^ 

tion at room temperature. This confirmation of raetastable species 

clarifies some of the EPR results previorsly reported (Ref. 6.2); 

+3 

long-time room temperature irradiation-produced Ti is the species 
which must be correlated with reflectance damage. In essence we 
have distinguished centers which are not optically significant 
from those which may be. In previous 77“K irradiation studies? 

(Ret. 6.2) we found no essential EPR difference between Zn 2 TiO^ 
powder and Owens-Illinois paint made from it, yet a great deal of 
difference in the reflectance spectra was toted. 

6.2.4 ZnO in Untreated Zn o TiO^ (B-229) 

The ZnO remaining in Zn 2 TiO^ (B-229) after high- temperature 
(925“C) reaction exhibits not only the ultraviolet-sensitive center, 
but also the heat-created center reported by Kasai (Ref. 6.4). 

These two centers comprise what we have called y' (Ref. s 6.2 and 
6.8). The ultraviolet sensitivity and effect of air- bleaching is 
observed in the low-ffeld side of the signal in the right hard 
part of Figure 6- 10 We believe that the permanent ncn-bleachable 
damage at 363 nm may be associated with the hif’' ^ ’ component 
of y' . Note that the center we called y found in high tempera- 
ture (2400“C) plasma-annealed material at g = 1.960, is not feund 
in our non-plasma-annealed materials. 


6.2.5 Zn2 TiO^ (B-229) 

4-3 

The signal at g = 4 25 is most likely due to Fe (Ref. 6.9). 

The observation that irradiation of the material increases the in- 

tensity of this signal suggests that the Fe form of iron iray 

■f 3 

be contributing electrons which cause permanent Ti ' damage accord- 
ing to 



+ Ti 




+ Ti 


+3 


The presence of iron in orthotitanate may produce another complica- 

I I 

tiong feature in that Fe is known to absorb at 875 nm (Ref. 6.10). 
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6.2.6 LioSiF ^ Treated Zn o TiO^ (B-454) 

The Li«SiF,- treated B-229 exhibits a less intense signal at 
^ ” +3 

g = 4.2b (less Fe ) than its (untreated) precursor (B-229) and 
also exhibits no ZnO-type centers. This supports our earlier 
thesis (Ref. 6.5) that the surface treatment provides either an 
electron scavenging effect or prevents primary ionization pro- 
cesses from occuring by providing an electron-rich surface. 

Stable Ti was not found in these materials and the optical 
reflectance showed no S-band damage. 

6.2.7 Zno TiO^ with Excess TiO p 

+3 

Here, the creaction of partially-bleachable Ti is apparent 

+3 

and is corroborating evidence for a Ti species being responsible 
for S-band damage. 

6.2.8 Zinc Orthotitanate in 01-650 "Glass Resin" 

Extended irradiations of B-229 zinc orthotitanate in Owens- 
Illinois 650 vehicle have resulted in the observations listed in 
Table 6. 1, where we provide a comparison of the results obtained 
on the pigment alone (Ref. 6.8) vs those obtained on an Owens- 
Illinois paint made from this pigpient. 

+3 

The basic findings in this test are that: Ti is produced 

+3 

in much greater concentration in the paint; the Ti is mostly 

+3 

(but not entirely) oxygen- or air-bleachable ; the Fe form of 
iron, a natural impuL'ity in the pigment, follows a different con- 
centration history when the pigment is irradiated as a paint 
than when irradiated as a pigment alone; and the signal y' re- 
sponds differently to irradiation in the pigment alone versus 
that in the paint. 

The correlation of the EPR centers with optical damage is 
by no means complete, but differences in the optical spectra of 
the pigment and paint are explicable in terms of the centers ob- 
served. 
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6 . 3 PRELIMINARY MODEL FOR DAMAGL IN Zn o TlO^ 

A model of the S-band damage in Zn 2 TiO^ Is not a simple one 
because part of the optical damage is oxygen stable and part (the 
long wavelength side) is oxygen-bleachable. A model suggested 
earlier was based on the equation: 

o'” + Ti'''^-^xO"^”“^^ + Ti'*’^ 

“XI “ “2 

where 0^^ stands e.g., for 0~, O” . 

+3 

As we stated earlier, Ti defects on or near the surface 
of a particle will behave differently than those closer to its 
interior. Thus a different donor- acceptor scheme will be im- 
portant for each. The table below lists a few of the more likely 
donors and acceptors active in the zinc orthotitanate photolysis 
s cheme . 


Table 6-2 

LIKELY DONORS AND ACCEPTORS IN Zn2TiO^ PHOTOLYSIS 


Donors 


cr = Cl- + e" 
o'” = xO'^”"^^ + e' 

-t-t -, i i-i 

•ri •' T"l“r , 

Fe = Fe + e 


Acceptors 


Ti"^^ + e' = Ti'*’^ 


O 2 + e =02 


Fe 


+ e = Fe 


However complex the solid-state and surface chemistry of this 
material is , it is obvious that gaseous oxygen plays an important 
role as a "shuttle" for electrons - and this role can be drastic- 
ally affected by surface treatment or plasma- treatment alteration, 
causing a suppression or enhancement of primary ionization pro- 
cesses . 
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6.4 CONCLUSIONS 


From the basic findings noted above we can definitely ascribe 
the instability of certain zinc orthotitanate pigments r.o an inter- 
action with the silicone binder. EPR confirms what is observed in 
the reflectance spectra: the silicone binder obviously pre- 

disposes some zinc orthotitanate pigments to S-band damage. 

+3 

The fact that two distinctly different Ti signals are de- 
tected is consistent with the above observation because large band- 
gap semiconductors display strong surface effects. Environmentally 

43 

created Ti may have different electronic environments, wherein 
it may have different EPR spectra, depending upon where it resides - 
in the bulk or in tie depletion zone (the band-bending region). 

From the reflectance spectra we have clearly established the 
fact that the instability resides with the zinc orthotitanate pig- 
ment rather than with the 01-650 vehicle. This interaction has 
caused catastrophic damage in certain pigments which may not have 
been completely stabilized by surface treatments. Thus, the pre- 
parative stoichiometry is very inqjortant, for two reasons - to 
regulate the ZnO excess and to control the surface defect density 

43 

which may be predisposed to the photocreation of Ti 

The discovery of a spin density of 2.1 x 10^^/0.2 gm is a 

43 

significant finding as it raises a strong inference that the Ti 
in Zn 2 TiO^ (B-229) is not mainly Ti^^ in residual Ti02, but rather 
is intrinsic. It can not be unequivocally stated, however, that 
residual Ti 02 remaining in the Zn 2 TiO^ is not much more susceptible 
to Ti^^ formation in Zn 2 TiO^; but the propensity for that forma- 
tion would have to be increased 100-500 times to account for the 
spin concentration observed. 

The different values found for g in the two materials , viz , 
1.986A and 1.9796, also lend support to the thesis that the center 
arises from two different crystalline environments (possibly a 
sesqui-titanate) . Thus, the problems of stabilizing Zn 2 TiO^ re- 
late to Zn 2 TiO^ intrinsically, rather than to Ti02 or ZnO im- 
purities . 
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One of the major objectives of the EPR investigations was 
to ^establish a correlation between EPR spectra and optical de- 
gradation. Irradiations and EPR measurements carried out in-situ 
were followed by EPR measurements in an oxygen (adsorbate) environ- 
ment. Since neither the intensities of EPR spectra nor their dis- 
appearance rates in O 2 could be correlated with induced spectral 
optical degradation or with bleaching rates of the S-band in 02> 
we must conclude that EPR activity and UV induced defect concentra- 
tions in Zn 2 TiO^ are not correlatable . This, of course, is not 
xmexpected since EPR transitions are many orders of magnitude less 
energetic than the optical transitions to which they might relate. 
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7.0 GENERAL COATINGS INVESTIGATIONS 

7.1 INTRODUCTORY REMARKS 

Three investigations which fall in the category of general 
coatings Investigations were undertaken. The first was the 
development of a highly stable paint system based on S-13G pig- 
ment and the IITRI-modified Owens-Illinois 650 "Glass Resin". 

A second study attempted to identify satisfactory, commercially 
available strippable protective coatings to be used on sensitive 
spacecraft thermal control surfaces during pre-launch storage. 

In a third study, we investigated the effects of a simulated 
salt/spray environment on S-13G thermal control paints. 

7.2 FORMULATION AND EVALUATION OF A-429M 

A-429 is an Ov/ens- Illinois 650 resin pigmented with potassium 
silicate treated zinc oxide (S-13G pigment). The successful end- 
blocking of Owens-Illinois 650 resin (described in a proceeding 
section) permitted the reformulation (see table 7.1) of this 
paint using the modified resin, designated OI-650G. The paint 
was, therefore, re-designated A-429M. Although this coating does 
not exhibit "coasting," it does require baking to optimize its 
cure. It is adherent, resistant to wide temperature variations 
(including LN 2 thermal shock) , possesses exceptional optical 
stability (equal to A-429), and has adequate shelf-life. 

Table 7-1 

FORMULATION OF A-429M THERMAL- CONTROL PAINT 


Ingredients 


Composition (pbw*) 


Silicated ZnO 
Owens-Illinois 650G 
Solvent T-26 


36 

18 

36 


T-26 


Toluene 

n-Butyl Acetate 
n-Butyl Alcohol 


*parts by weight 


75 w/o 
15 w/o 
10 w/o 
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7.2.1 Evaluation 


Specimens of Batch C-406 of A-429M were prepared using the 
three different curing schedules shown in Table 7.2, where the 
physical properties of the resultant coatings are also noted. 


Table 7-2 

A-429M COATINGS - EFFECTS OF CURE SCHEDULE 


Coating No. and Cure 

(A) 24 hr room temperature 

(B) 16 hr at 250 “F 

(C) 16 hr at 250®F plus 

2 hr at 350“F 


Physical Proper ties 

Printable, glossy coating 

Moderately-hard, semi-glossy 
enamel 

Hard, dead- flat enamel 


IRIF Coupons of the baked coatings were irradiated in both 
IRIF-I (1500 ESH at 150“F for both (B) and (C) and in the CREF 
(IRIF-II) (3000 ESH at 50"F for (B)). 

7.2.2 Irradiation Tests 

7. 2. 2.1 Sample Description 

Test 1-57 involved three A-429M samples of an early experi- 
mental formulation. The test temperature was maintained in the 
range 150-155®F. Two of the three samples were cured at 250 ®F/ 

15 hr; the third, at 350“F/4 hr. The samples were irradiated at 
an intensity of five (5) equivalent suns. Spectral reflectance 
measurements were made before irradiation (in air and in vacuum) , 
after 100, 500, 1000, 1500 and 2000 ESH at a pressure of less 
than 5 x 10”^ Torr, and finally in air. 

In CREF Test No. 9, the A-429K sample was irradiated at 
room temperature at four (4) suns. Spectral reflectance measure- 
ments were made initially and after exposures of 575, 2000 and 
3000 ESH. In this test the sample is from a more recent formula- 
tion of A-429M. 


7-2 


C6233-57 



I 


1 . 2 . 1.2 Test Results 

The spectral reflectance curves for one of two 250®F/15 hr 
A-429M samples are shown in Figure 7. 1; the spectra for the 350®F- 
4 hr sample are similar, but Indicative of even greater stability. 
The CREF curves are shown in Figure 7. 2 . 

The extraordinary performance of this paint system is 
markedly evident, especially in 1-57 where an unusually severe 
temperature environment is maintained. Furthermore, despite the 
fact that these coatings have not been optimized, their reflectance 
values are quite good. These two statements can be sjmmarized 
quantitatively by noting that the solar absorptance in 1-57 in- 
creased by only 0.018 that is, from 0.204 to 0.222 in 2000 ESH. 

In the CREF test, an A-429M sample demonstrates very similar 
stability. In more than 3000 ESH, the solar absorptance has in- 
creased by only 0.014. The spectra suggest that the damage has 
saturated and that the solar reflectance has thus stabilized. 

7.2.3 Conclus ions 

A-429M is undoubtedly the most stable paint system ever de- 
veloped by IITRI and available in quantity. Its stability con- 
siderably exceeds that of S-13G and is superior even to that of 
Z-93. Its optical and engineering properties have yet to be 
optimized, but its performance patently qualifies it .s ultra- 
stable paint system. The high outgassing characteristics of the 
resin, however, may limit its use to applications in which con- 
tamination is not a major concern. 

7 . 3 STRIPPABLE PRE- LAUNCH PROTECTION COATINGS EVALUATIONS 

7.3.1 Introductory Remarks 

Thermal control surfaces for spacecraft are only as reliable 
as the protective means taken to assure and maintain their clean- 
liness while in storage, because all surfaces and surface coatings, 
even the most stable, are susceptible to contamination. Following 
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the application of paint, spacecraft surfaces will be exposed to 

numerous environments, htjman handling and storage to name but two. 

The types of contamination are legion; the effects, however, are 

of two general kinds. The first is due to the Increased initial 

optical absorption and subsequent degradation and increase in a . 

s 

The second effect is the potential accelerated ultraviolet radia- 
tion damage in the paint. The effect of ultraviolet radiation on 
an oil- contaminated white paint, for example, is to accelerate 
the normal degradation rate of solar absorptance. We are certain 
that the reported poor - and often-times erratic - performance 
in space of many white coatings has been the direct result of con- 
tamination. Accordingly, the timely application of a protective 
coating to all exposed, critical themal control surfaces, to be 
removed Immediately prior to launch, should be made standard pro- 
cedure. From the time that a coating is applied mtil the time 
of launch, the opportunities for contamination are virtually 
limitless. 

Contamination and its effects have been receiving a great 
deal of attention. Large vehicle sizes and the increasing degree 
of sophistication in flight experiments and scientific instrumenta 
tion place strong demands upon the cleanliness of spacecraft and 
spacecraft components. A wide array of environments w5 11 be ex- 
perienced by the spacecraft on its way from the various manu- 
facturers and assemblers of its components, to the launch site, 
and eventually into its space mission. 

7.3.2 Objectives 

The intent of this effort was to develop protective coatings 
for thermal control surfaces. We have chosen four representative 
surfaces: S-13G, Z-93, polished aluminum and suprasil quartz. 

While largely arbitrary, these choices cover a large spectrum of 
actually used materials - from the silicones to tl.e inorganic 
paint systems and from the metals to the dielectric surfaces. 

The ideal protective coating would be an univeral one; it would 
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be water-based, Impermeable, adherent to all surfaces, easily 
stripped even after long periods of outdoor exposure, readily 
identifiable as a protective coating, and, of course, would 
leave no contamination. 

7.3.3 Coatings Evaluations 

A total of twelve (12) strlppable coatings formulations were 
obtained from commercial sources. These coatings represent both 
water and hydrocarbon solvent types. The strlppable coatings 
evaluated are listed In Table 7.3 

7 . 3 . 3 . 1 Strlppablllty Investigations 

Fifteen (15) aluminum panels (3' x 6") were given 0. 1-0.3 
mil (dry film thickness) application of G.E. SS-4044 primer, 
followed by 8-10 mils (dry) S-13G. The panels lir drieufor 
ten days after which they were sprayed with the strlppable coat- 
ings. Sprayng viscosity, thickness of film, etc., were in 
accordance with the manufacturer's suggestions. Around one end 
of each panel, between the protected (S-13G) and the protective 
films, a layer of 1" masking tape was wrapped. Likewise, 15 
alumlniim panels weie "break free" cleaned and coated with 4-5 
mils (dry) Z-93. They also air dried for ten days before being 
covered with the strlppable coatings. 

The strlppable coatings were then applied to each set. After 
ten (10) d^ys, each coating was removed by pulling the tape. Nota 
tlons were made as to the ease of removal and the degree of con- 
tamination left on the "protected" thermal control coatings. Com- 
parisons were made with pane .s of Z-93 and S-13G sprayed with 
the original sets. The ret alts appear in Table 7.4. 

Since weatherometer exposure might radically change the ad- 
hesion of the strippable coatings, it was decided to submit five 
of the most promising of these to this test. Fonnulas 2, 8 and 
9 were tested over Z-93. Formulas 1, 2, 8, 9 and i2 were tested 
over S-13G, polished aluminum, and suprasil quartz. The panels 
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were placed in the Atlas Weatherometer for a total of 139 hours, 
corresponding roughly to six months of exterior exposure. 

In order to determine the effects of weathering on stripp- 
ability and visual contamination, the four most promising formula- 
tions were applied on the four basic substrates. After the 
weatherometer exposure the strippable coatings were peeled back 
and notations made of stripping ease and visual contamination re- 
maining on the substrate. Table 7.5 contains detailed results. 

In general the weatherometer exposure caused no changes in 
the adhesion of the strippable coatings. The fact that Giidden's 
formula adhered tightly to Z-93 was not due to the weathering 
but was caused by the film being only 3 mils (dry) . This was 
proven by preparing a ladder of varying thicknesses of Giidden's 
strippable coating over Z93. It was found that the film must be 
in the 7 to 11 mils (dry) range to attain the proper degree of 
adhesion. Giidden's formula was disqualified, however, because 
of the film contamination it leaves on the quartz and aluminum 
surfaces. This same residue is probably left on the Z-93 sub- 
strate but is not visible because of the white background. 

With respect to the performance over all four substrates, 
only Potter Paint's Peel-Astic and DeSoto's 843L0C1 -910L731 
appeared promising. Both did well over every substrate except 
Z-93. The B.F. Goodrich formulations were also disqualified be- 
cause they appear to actually lift a layer of the vapor deposited 
aluminum and because they adhere too tightly to the quartz. The 
quality of the vapor deposited aluminum film, however, v;as 
later shown to be inferior. Tests of this material were then 
restimed. Neither the DeSoto and Potter Paint formulas were 
tried over Z-93 in the weatherometer because they failed in the 
initial peel tests. On checking the original test panels the 
Potter Paint film was found to be o,.ly 3 mils. The DeSoto coat- 
ing was 12 mils. Working further with Potter Paint resulted in 
the discovery that it will peel off Z-93 satisfactorily if a 
minimum of 7 mils is applied. No visible residue is left. 
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Table 7-5 


Coatings 

Glldden Booth 
Coating 

B.F. Goodrich 
Hycar 2679 - 60Z 
Ifycar 2600 - 40Z 

B.F. Goodrich 
Hycar 2679 -- 40Z 
Hycar 2600 - 60" 


Potter Paint 
Peel-Astic 

Glldden Booth 
Coating 

B.F. Goodrich 
Hycar 2679 - 60Z 
Hycar 2600 - 40Z 

B.F. Goodrich 
Hycar 2679 - 40% 
Hycar 2600 - 60Z 

DeSoto 

843L001-S10731 


Potter Paint 
Peel-Astic 

Glidden Booth 
Coating 

B.F. Goodrich 
Hycar 2679 - 40Z 
Hycar 2600 - 60Z 

DeSoto 

S43L001-910L73i 


Potter Paint 
Peel-Astic 

Glidden Booth 
Coat ins 

B.F. Goodrich 
Hycar 2679 - 60% 
Hycar 2600 - 40% 

B.F. Goodrich 
Hycar 2679 - 40% 
Hycar 2600 - 50% 

DoSoto 

84 31,00 1-910;.; 31 


EVALUATION OF STRIPPABLE COATINGS/ 

FILMS AFTER 139 HOURS IN ATLAS WEATHEROMETER 


Ea se of Removal Visual Contamination 

Over Z93 

Adhered too tightly. Cannot be pulled 
off without tearing. 

Adhered too ti^tly. Pulls, some Z93 none 

came off with it. 


Adhesion about right, but spots of Z93 none 

came off fri.th strip. 

Over S-13G 


Too loose except at edges. 


none 


No adhesion. Discarded. 


Adhesion about right. 


none 


Too loose. 


none 


Adhesion almost right. Two small spots of none 

of S-13G came off with strip. 

Over Polished Alamlnam 


Adhesion about right. Did not remove none 

any aluminum with strip. 

Slight adhesion, except at edges. Does cloudy film 

not take aluminum off with strip. 

Pulled aluminum off with strip; otherwise — 

adhesion about rtght. 


Slight adhesion, except at edges, but does none 

not take aluminum off. 


Over E up rasll Quartz 


Adhesion excellent. 


none 


Very loose; only sticks at edges. 


cloudy film 


Adhesion too tight. 


none 


Adhesion too tight. 


none 


Adhesion excellent. 


none 


RiPRODUCIPTT.m" 

OKTC.TVAI ! 


Potter Paint's formula strips well from S-13G in the range 
of 4-7 mils dry thickness and from Z-93 in the range of 6-11 mils. 
These thickness tolerances are critical and specific for each 
"protected" material. No visual contamination was evident after 
stripping from the four test substrates. 

Another good candidate was DeSoto's 843L001-910L731 , which 
has stripped cleanly from S-13G, polished aluminum and suprasil 
quartz. It could not be used over Z93, however, because, like 
most other coatings, it adheres to it too strongly. 

7 . 3 . 3 . 2 Ultraviolet Irradiation Tests 

The efficacy of the protective coatings was tested in several 
different ways, all of which, however, involved coating the sub- 
strate (S-13G, Z-93, etc.) with the protective coating, removing 
the latter after a predetermined period of contact, and then ex- 
posing the substrate to ultraviolet irradiation. If the "pro- 
tected" substrate degraded more than normal, the particular stripp- 
able coating would be disqualified. All samples were exposed 
in duplicate in the Weather-O-Meter test for a period of 335 
hours, equivalent to approximately one year's atmospheric expo- 
sure. 

Because of its excellent stripping characteristics Potter 
Paint's No. ZM-ll-CC, "Peel-astic" was applied to a series of 
Z93 and S-13G coupons for ultraviolet radiation testing. The 
protective coating was removed from the Z93 and the S-13G sur- 
faces just prior to installation in the IRIF. At that time the 
coatings had been in contact with their respective substrates 
a total of 37 days. Half of the coupons had been subjected to 
7 days in the Atlas Weatherometer during this period of contact. 
Spectral reflectance values at three visible wavelengths before 
and after 501 ESH of ultraviolet radiation are listed in Table 
7.6. It is obvious that the strippable coating left considerable 
contamination on the Z-93 surface; it definitely was not apparent 
upon visual examination. The S-13G series shows little difference 
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Table 7-6 

EFFECTS OF POTTER ON 

"PEELASTIC" STRIPPABLE COATING TTT.tRAVIOLET 
STABILITY OF S-13G* AND Z-93* 


4. 


'’^return 



400nm SOOnm 


600nm 


' ^ ' 

Test Coatings** 

Before 

After 

Before 

After 

Before 

After 

% ft 

Z-93 







t i 

i ? ' 

a 

73,0 

68.0 

94.0 

93.0 

95.5 

95.0 


b 

68.5 

68.5 

93.4 

93.0 

95.0 

95.0 


c 

60.0 

47.0 

81.0 

73.0 

87.0 

84.0 

» 

it 

#■ 

1 

d 

63.0 

55.0 

81.0 

79.0 

87.0 

86.0 

1 1 
V ! 

e 

66.0 

50.0 

89.5 

79.0 

93.0 

89.0 

1 

f 

40.5 

37.0 

90.0 

87.0 

93.0 

92.5 

i 

S-13G 







i 

a 

66.5 

— 

91.0 

— 

91.8 

— 

' ^ 

b 

66.0 

65.0 

90.1 

88.8 

92.3 

91.3 

1 

c 

57.0 

55.0 

93.0 

92.0 

95.0 

95.0 

; 

d 

75.0 

66.5 

93.1 

90.0 

94.0 

91.8 


e 

50.0 

50.0 

93.5 

93.0 

94.5 

94.5 


f 

76.0 

71.0 

93.9 

92.0 

93.9 

92.9 


*Strippable coating was removed immediately prior to IRIF 
ultraviolet test. 

**a,b controls, no strippable coatings applied 

c,d coatings to which strippable coating was applied for 
5 weeks before UV testing. 

e, f same as c,d, except includes 1 week in Atlas Weather-0- 
meter . 




I 

I 

I 


A, ’ 


between the controls and the test coupons. This tentatively 
indicates that Potter Paint's product ZM-ll-CC is a satisfactory 
protective coating for three of the four substrates , Z93 being 
the exception. Peel-astic leaves a residue only on Z93, which, 
even though not apparent to the unaided eye, caused serious 
damage to its reflectance. S-13G was not affected. 

The results of all tests indicate that Potter Paint's Peel- 
astic would be satisfactory over three of the four substrates 
used in these tests, viz., Suprasil Qxiartz, Polished Aluminum 
and S-13G. The most promising protective coating for Z93 is 
B.F. Goodrich's formula No. 8, which is water dispersible. Since 
the Goodrich No. 8 formula is transparent, a red iron oxide 
shading base was prepared to give it a slight reddish cast, and 
chus to assure complete coverage and removal. The base was pre- 
pared by pebble milling a synthetic red iron oxide, Pfizer's 
R-2199, in Hycar 2679, a constituent of the Goodrich formula. 
Potter's Peel-astic has an off-white pigmentation which we be- 
lieve offers sufficient contrast to S-13G that addition of a 
shading base is not necessary. 

After the Weather-O-Meter test, two IRIF tests of Z-93 
and S-13G coatings previously protected with strippable coatings 
were conducted. Four samples of Z-93 and four of S-13G were 
exposed to ''^1300 ESH of ultraviolet radiation in IRIF Test 1-47 
and 1-48. The sample schedule, which was the same in both tests, 
was as follows: one unprotected sample was retained as a con- 

trol (a protective coating was not applied, and the sample was 
stored in the lab) ; a second sample was coated with a protective 
coating and was also exposed only to the lab environment; a 
third sample was not given a protective coating but was exposed 
in the Weather-O-Meter (for 335 hrs) ; and the fourth sample was 
coated with a protective coating and exposed in the Weather-O- 
Meter (335 hrs). In all cases Potter Paint's Formula No. 

ZM-ll-CC was used over S-13G, and Goodrich #8 over Z-93. Good- 
rich #8 is an IITRI designation for the mixture of Goodrich 
products: 607o Hycar 2679 and 40% Hycar 2600x138. 
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The damage in test IRIF-I-47 was so severe that contamination 
was strongly suspected. In Table 7.7 we present for both IRIF-I-47 
and IRIF-I-48 the Induced spectral reflectance changes at 0.3875y 
(which for both S-13G and Z93 is the wavelength at which there appears 
a maximum UV- induced spectral damage). From this table one can 
easily observe several trends. First, and most important, coatings 
which were "protected" suffer much greater damage than those not 
protected. Second, the ultraviolet stability is not affected by a 
Weather-O-Meter exposure. Third, the time of contact between the 
strippable coating and the "protected" coating obviously affects 
the latter's ultraviolet stability. (Previous IRIF tests of sur- 
faces with much less contact time did not exhibit unusual damage) . 

Table 7-7 

ULTRAVIOLET- INDUCED CHANGES IN SPECTRAL 
REFLECTANCE OF "PROTECTED" PAINT FILMS 

S-13G 

Induced Spectral Reflectance 
Changes , AR^ 


Protective 

Coating 

Weather 

Exposure 

1-47 

(1300 ESH) 

1-48 

(1350 ESH) 

None 

None 

23.5 

25.5 

Potter 

None 

65.0(0.4)* 

65.0(0.39) 

None 

335 hrs 

21.5 

25.0 

Potter 

335 hrs 

39.0 

59.5 

Contact Time** 

40 

84 



Z-93 


None 

None 

7.5 

4.5 

Goodrich- 8 

None 

14.0 

10.5 

None 

335 hrs 

7.5 

4.0 

Goodrich- 8 

335 hrs 

13.0 

— 

Contact Time 


40 

84 


*The peak of the curve of AR, vs > usually occurs at a = 0.3875y; 
the number in parentheses is the wavelength (y) at which the peak 
actually occurs (when different from 0.3875y). 

**Contact time, number of days protective films were in contact with 
"protected' surfaces before being stripped for irradiation test. 
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These tests have shown that the long term contact between the 
strlppable coating and the surface it protects has a degrading effect. 
Earlier tests showed that contact times of lesser duration did not 
affect the ultraviolet stability of S-13G. 

A mitigating effect of the Weather-O-Meter exposure was noted. 

The degradation of "unprotected" samples exposed to the Weather-O- 
Meter was usually less than a "protected" but otherwise identically 
treated sample. 

7.3.4 Conclusions 

None of the protective coatings tested can be used with either 
Z-93 or S-13G. It may be possible to adjust formulations to achieve 
better initial adhesion characteristics, but the environmental 
stability of the "protected" surface will inevitably be a critical 
problem. We discovered that coating contact times of less than a.30 
days result in no degradation, while greater contact times pre-dis- 
posed the "protected" coating to unusually severe ultraviolet radia- 
tion damage. 

7.4 SALT SPRAY EFFECTS ON S-13G 

To gain some idea of what might happen to S-13G exposed over 
a long period of time to a salt-spray environment, we put a thick 
layer of simulated salt water (a saline solution containing re- 
presentative amounts of the major constituents of ocean water) on 
the surface of several S-13G coatings and allowed them to evaporate 
to dryncss. Four (4) S-13G coupons were prepared (from IITRI batch 
C-076); two were untreated and the other two treated as indicated 
above. The solar absorptance values before and after exposure to 
1800 ESH in IRIF Test 1-41 are shown in Table 7.8. 
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Table 7-8 

RESULTS OF SIMULATED SALT SPRAY EXPOSURE 
EFFECTS ON S-13G UV DEGRADATION 



Sample 


Solar Absorpt 

ance 

No. 

Description 

Initial 

Final* 

Aa 

s 

1 

S-13G Control 

0.204 

0.248 

0.044 

2 

S-13G with Salt Spray 

0.202 

0.256 

0.054 

3 

S-13G Control 

0.204 

0.238 

0.034 

4 

S-13G with Salt Spray 

0.205 

0.243 

0.039 


*After exposure to l800 ESH oT AH-6 radiation. 


In general, the salt spray samples degrade only slightly more 
than standard S-13G. Surprisingly, the S-13G with visiaully notice- 
able amounts of salt water deposits did not degrade as much as 
might be expected. The spectral data (see Figure 7.3) indicate 
that the spectral degradation is characteristic of S-13G. It thus 
appears that a salt spray environment only slightly increases the 
susceptibility to solar radiation damage - at least, for S-13G. 

The same results were obtained when essentially the same test was 
repeated in IRIF-I-44, in which the exposure was 342 ESH. The Aa 

s 

values for the control and salt-spray S-13G samples were 0.024 and 
0.015, respectively. The control sample degradation is higher than 
expected, making these particular data somewhat questionable. Never- 
theless the effect of a build-up of simulated ocean spray is minimal, 
if not within the nominal range of degradation. 

Very nearly the same conclusion was reached in an irradiation 
test (ref. 7.1) of S-13G samples which ftad been exposed to a salt 
spray enviomment at NASA-Kennedj^ SFC. 
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8 . 0 PROGB .^ M SUMMARY - CONCLUSIONS AND RECOMMENDATIONS 

In the brief presentation which follows, we highlight 
the principal accomplishments of the program, establish a 
perspective for its evaluation, and offer recommendations 
for continued research and development in the field of 
materials for thermal control of large space vehicles. 

The potential that zinc orthotitanate possesses as a 
pigment for spacecraft thermal control applications has been 
thoroughly demonstrated. The practical realization of 
this potential hinges most Importantly on pigment stoichi- 
ometry and also on the production process and optimized pre- 
parative conditions associated with it. Pigment compatibility 
with a stable binder also may be a serious impediment t<^ full 
realization of the pigment's intrinsic stability. 

Many of the conclusions reached during the course of the 
program will undoubtedly require modification because of the 
discovery of the substantial dependence of optical properties 
and environmental stability on pigment stoichiometry. This very 
dependence, however, establishes a proper perspective for under- 
standing the natiire of the problem: 1) The composition of 

"ZnaTiO^" as a function of Zn/Ti ratio, 2) the deter nination 
of the chemical identity of "TiOX", and 3) the complete 
elucidation of spectral reflectance values and their stability 
vs. Zn/Ti ratio (where the true molecular weights of precursors 
are known) become the primary goals of a continued research and 
development effort. The important process conditions and para- 
meters have been identified and their effects on pigment properties 
and performance reasonably well determined. Thus, the basic 
objectives of the program have beer met. Once the three unknowns 
just noted have been eliminated, the x’eduction of this technology 
to practice as described in this document will be mainly an 
engineering effort. 


8-1 


C 6233 -57 












Comparison of the properties and performance of the 
pigments prepared by solid state, coprecipitation, and ixed 
oxalate methods indicates that, while initial properties may 
vary somewhat from one process to another, none produces a 
pigment more intrinsically stable than another. Each method 
retains flexibility in adjustment of the Zn/Ti ratio, and has 
its associated advantages and disadvantages. The MOX process 
has the distinctly advantageous property of controlled pigment 
particle size. The solid state method, on the other hand, is the 
least complicated. 

Environmental testing has, of course, of'cupied a central 
role in the program. The methods and techniques that we have 
used in many instances are highly specialized and sophisticated. 
The most important elements of environmental testing are test 
design and interpretation of results. In this regard we must 
emphasize, without repeating the basics involved, that the inte. • 
pretation of test results must be accomplished by analyses of 
spectral reflectance curves. The analyses of spectra of irra- 
diated samples after an oxygen bleach have proved to be 
invaluable. Environmental testing has, therefore, produced 
highly significant information regarding the effects of pigment 
preparative conditions and parameters, calcination variables, 
chemical treatments, structural modifications and many other 
factors involved in the development of production processes. 

Our attempts to modify Owens-Illinois 650 "Glass Resin" 
were successful from the standpoint of eliminating "Coasting". 

The modification process, however, apparently increases the 
outgassing potential of the modified (01-650G) resin, seriously 
reducing its practical potential as a space stable binder. It 
should be used only in applications tolerant of contamination. 

The likelihood of developing an alternative process is extremely 
small. Degassing the modified resin in the B- stage in vacuo 
holds some promise but could be very expensive. Further 
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complicating an objective appraisal of its merits are the facts 
that the modified resin must be thermally cured, that, like the 
unmodlfiea resin, it too has a tendency to predispose the pigment 
to extensive S-band degradation, and that the ratio of tri- 
methylchlorosilane/OI-650 must be carefully controlled within 
a very narrow range. Research on stable binaers (References 8.1-3), 
should be evaluated for acceptable alternatives. 

Those activities which have been of a supportive nature have 
been instructive and rewarding. EPR investigations, while they 
did not correlate EPR ac_ivity with optical degradation, did show 
that contaminants introduced in the pigment production process 
could be detected at very low concentrations. Tha / ck of 
optical vs. EPR correlations - at least for ZnaTii - has value, 
even though negative with respect to our hopes, in defining the 
most valuable approaches to pigment deveK nment . 

The protection of spacecraft thermal control surfaces from 
contamination during pro- launch storage must be a primary 
objective of spacecraft mission designers. Protective coatings, 
however, do not appear to represent a viable approach. There may 
be commercial materials available which do not affect the UV 
stability of "protected" coatings but the search for them would 
very probably cost far more than would the alternatives. 

IITRI, for many years, has recommended the use of 
unplasticized plastics for protection of spacecraft components. 

We very strongly adhere to the axiom that a thermal control surface 
is an optica? surface and that it should be regarded and pro- 
tected as such. Certain strippable coatings for both Z-93 and 
S-13G were found to be useft>l provided that the time of application 
was less tnan 30 days. UV irradiation tests clearly showed that 
thermal control surfaces degraded more than would be ixpectad 
when the strippable coatings were not removed for 30 days or more. 
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9.0 GLOSSARY 


Term 


Equivalfnt 
Sun- Hour 


TsshT 


Equivalent 
"Wind- Hour 
TIEVH) 


Wind 


Sun 



Solar 

Absorptance 


P 


Definition 


An equivalent sun-hour is the total amount of 
incident ultraviolet (X<400nm) radiation per 
unit area in the extraterrestrial solar in- 
tensity spectrum at a nominal distance of 1 
A.U. over a period of one hour. (The term, 
though arbitrary ami somewhat misleading, in 
that it refers only to the UV portion of the 
sxin's radiant energy spectrum, is widely 
accepted and used) . 

An equivalent wind-hour is the total amount of 
the incident solar wind flux (expressed in pro- 
tons /cm^- sec . ) at a nominal distance of 1 A.U. 
over a period of one hour. At 1 A.U. the solar 
wind flux is approximately 2.5 x 10® protons/cm^- 
sec. .An E.W.H. , therefore, represents a fluence 
of 9.0 x 10^ ‘ protons/cm*. (In the text these 
values would be abbreviated to 2.5(8) and 9.0(11), 
respectively) . 

A "wind" is the solar wind flux at a nominal 
distance from the sun of 1 A.U., and has the 
approximate value of 2.5 x 10® protons / cm^ - s ec . 

A "sun" is the intensity of the ultraviolet 
'\<400nm) portion of the extraterrestrial 
solar intensity spectrum at a distance from the 
sun of 1 A.U. The solar constant has a 
nominal value of 0.139 watt/cm^ ; a "sun" there- 
fore, constituting approximately 97o of the 
solar constant, has a nominal value of 12.5 
milliwatts/ cm^ . 

The term "delta a " refers to the total change 
in solar absorptance experienced by a material 
after exposure to a specified environment. 

Solar absorptance is the ratio of the energy 
absorbed from the extrarres trial solar intensity 
spectrum per unit area by a plane normal sur- 
face to the total solar energy incident on it. 

The term p*" de'^'gnates a proton, ionized hy - 
drogen i'.n. 


Adsorbate The term absorbate refers to a gas or vapor 

adsorbed on a solid surface, it does not con- 
note chemi- sorption or physi-sorption , specifi- 
cally . 



Oxygen (O 2 ) 
Bleach 

S-13G 

Z-93 

Spectrum 

Emittance (e) 

Astroromical 
Unit (A.U.) 

Reflectance 

Spectral 

Diffuse 


This refers to a process in which oxygen 
interacts with an irradiated surface to restore 
either fully or in part the pre- irradiation 
reflectance of that surface. 

S-13G (and S-13G/L0) are flight qualified, 
specification thermal control paint systems 
by IITRI. Both utilize a potassium silicate 
encapsulated zinc oxide (New Jersey Zinc Go's 
SP-500) as the pigment, and General Electric 
Go's RTV602 methyl silicone potting compound as 
the binder. For S-13G/L0, however, the RTV-602 
is vacuum stripped to remove volatile compounds. 

Z-93 is a flight-qualified specification 
thermal control paint system consisting of zinc 
oxide (New Jersey Zinc Go's SP-500) as the pigment 
and potassium silicate (Sylvania Electric Go's 
PS -7) as the binder. 

A spectrum, in the sense used in this report, 
refers to the wavelength regions commonly known 
as near ultraviolet , visible, and near inrrared. 

The ultraviolet spectrum extends from about 
300nm to 400nm; the visible, from 400nm to 700nm; 
the near infrared, from 700nm to 2600nm. 

The emittance is the ratio of the thermal 
energy emitted per unit area and time by a real 
surface at a temperature T to that of a black- 
bo Jy at the same temperature. Spectral emittance 
is defined similarly except that it refers to a 
specific wavelength or wavelength interval. 

The nominal distance from the sun to the earth's 
orbit about the sun is termed one astronomical unit. 

Reflectance is defined as the ratio of energy 
reflected by a surface to that incident on it. 

The term "spectral" is a qualifying one which 
refers to a particular wavelength or wavelength 
inter-'^al . 

This term refers to the properties of a surface 
(or radiation source) as determined on a 
hemispherical (2 it) basis. 
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REPRODUCE 

APPENDIX I OR^nlNAL i'.v . : - - I 

[ DATA TO SOLAR ABSORPTANCE 
WORK SHEET 


By 

Date 2/23/72 



Initial 1200 ESH 


.7 0 0 92-0 86.0 

.721 92.1 85.9 

.743 91.6 85.8 

.764 91-5 86.0 

.788 91.3 86.5 

.812 90.9 86.5 

.840 90-5 86.4 

.868 ^9.9 86.3 

. 898 85.3 

.929 89-1^ 85-5 

.966 88.9 85.3 

1.003 88.0 84.5 

1.043 87.6 84.3 

1.085 86.8 83.7 

1.130 85.5 83.0 

1,180 81.3 78.0 

1.240 84.5 8l .0 

1.300 83.8 81.0 

1.380 79.0 76.0 

1.470 80.2 76.9 

1.580 79-2 75.1 

1.710 87-8 63.3 


1.900 ^2.8 

68.0 

2.160 ^^-5 

86.5 

2.620 

30.0 

Totals 


Calculations : 

■ 913 .- 2 _ S: (1200 ESH) = 100.00- 1612.8 + 1967.3 

‘ 50 

= 100.00- 71.60 - 28.^'0 
a_(l 200 ESH) = 0.2840 

3 
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A MODEL FOR ENVIRONMENT -INDUCED DEGRADATION OF SOLaR ABSORPTANCE 


We noted previously that zinc orthotitanate as a competitive 

paint system must possess an initial a /c ratio of 0.1 or less, 

® 5 

and that this ratio must not degrade by more than '''>0.02 in 10 ESH. 

This objective is based strictly on UV exposure, but from the re- 
sults obtained in this program we can expect Aa not to exceed ''>0.03 in 

5 “ 

a combined environment of 10 ESH and the equivalent fluence of 
charged particles. Experience permits certain qxialitative projec- 
tions based on the typical behavior of a vs ESH (or time) ; very 

s 

generally 

AUg = (Attg)^ [l-exp(-k- ESH)] , (1) 

where 

(Aa ) is the ultimatf environment -induced Aa ; 

s 00 

k is a constant ; and 
ESH is total UV exposure. 


This formula reflects the almost universal behavior of many 
TC materials: the rate of optical damage decreases with increasing 

exposure. This behavior is well grounded and understood in theory. 
Very simply it results from the condition that in a ui.it volume of 
material (pigment, binder or both) there is an "initial” concentra- 
tion of defects which can be converted to "':olor centers," i.e., 

active optical defects, by interaction with incidei radiation. If 

th i 

the orginal concentration of defects of the i^ tj. , e.g. , is C^, 

then the concentration at any time thereafter will depend upon 

th 

radiation intensity, I, the instantaneous concentration of i*^ type 
defects, C^, and the quantum efficiency, v. Thus, the instantaneous 
rate of disappearance of potential defects is 


dC^ _ 
3F- ~ 


-IvC' 


( 2 ) 


Rearranging under integral signs gives 
.i 




dC^ 

o 1 


= - Iv 


/dt, 


IIT RESEARCH |f''TITUTE 


(3) 
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^ich, upon Integration, becomes 


In 



( 4 ) 


In exponential form this is 

= cj exp(-Ivt) (5) 

Our original assumption was that is the concentration of 
"potential" defects. The concentration of converted (or actual) 
defects is some integral or half-integral multiple of the differ- 
ence between intiial and instantaneous concentrations. The in- 

• • 

duced reflectance optical density D is then k- (C^ - C^) . Making 
this substitution in the last equation above then gives 


0D= k-(cj - C^) = k-C^[l-exp(-Ivt)] (6) 

This analysis can be greatly expanded and sophisticated, but eq. 

6 quite capably indicates the nature of the time rate of degrada- 
tion of photon-irradiated materials. Comparing it to the relation- 
ship suggested pragmatically (i.e., eq. 1), we note that the two 
are remarkably alike. Asstiming that Aa relates mathematically 

# • • S 

to k(C^ - C^) and (Aa^)^ to kC^, we can see that they are nearly 
identical. Eq. 1 is a form of the reciprocity equation so fre- 
quently used in early spacecraft ILJ) efforts to extrapolate lab- 
oratory irradiation data. 

There must be a means of translating engineering requirements, 
expressed in terms of maximum Aa after exposure to a specified 

o 

environment, to materials science requirements, expressed in the 
language of solid state physics. In such a translation not only 
is the magnitude of an induced spectral reflectance change important 
but also its spectral location, shape and width ccanpared to the 
solar intensity spectrum. Specific requirements on a and especially 
on AUg essentially become constraints on the growth of individual 
environment -induced absorption bands. A more detailed development 
of a model to predict i)a^ vs space exposure parameters is given by 
Gilligan ana Brzuskiewicz in IITRI Report No. C6166-12 (cf NASA 
No. CR 66917), Nov. 1969. 
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APPENDIX III 


OUTGASSING CONTAMINATION PARAMETERS 


The outgassing potential of TC surfaces must be maintained 
at a practical minimum, even if this requires processing their 
components. The most common method for determining gross out- 
gassxng characteristics is the so-called "SRI Method" (ref. 5.1). 

In this method the total weight loss (TWL) of a sample is deter- 
mined as a percentage of the sample's initial weight after ex- 
posure in vacuvun at 125°C for 24 hr. In the same test the weight 
gain of a collector maintained at 25°C is also determined and 
compared to the original test sample weight. The ratio in per- 
centage units is the "CVCM" - collected v^olatilc condensable 
material. The criteria for acceptable performance in this method 
are: 

TWL < 1.07o 
CVCM < 0.1% 

Even though the temperature parameters of the method and 
the minimum acceptable performance criteria are somewhat arbi- 
trary, they tend to relate to the long term weight loss of a 
coating. The choice of T = 25°C as the collector temperature in 
many spacecraft applications is high, and thus conservative. The 
CVCM, however, involves much more complex considerations; 
water content of volatiles, sticking coefficients (and their 
temperature dependence), volatilizacion conditions, and many others. 

The importance of understanding outgassing data cannot be 
overstressed. As an example, extensive tests of S-13G and S-13G/L0 
standard formulations indicate that the TWL consists of approximately 
507o H 2 O (not CVCM) The water content of the TWI. represents a 
very important consideration to a designer concerned about the 
contamination effects resulting trom condensation of volatile 
components . 
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The outgassing rate of a material depends upon several 
factors: vaporization energy, the external pressure (actually 

the molecular mean free path) , the instantaneous concentration 
and the spatial distribution of each volatile species within the 
material, the material's bulk temperature and the temperature 
distribution within the material. With respect to the basic 
material there are three types of species which constitute the 
TWL: absorbed species, adsorbed species and chemical fragments. 

Absorbed species consist primarily of solvents, solvency pro- 
moters and other "thinner" or "solvent" components which may 
become absorbed or entrapped in the dry paint film in the curing 
process. Additives, used by original manufacturers for pro- 
cessing aids or property adjustments are also included. Finally 
there are the basic species comprising the binder (after cure) , 
and, of course, the various impurities in all of these ingredients. 
The TWL of most organic and silicone based paint systems consists 
of all three species; but the CVCM consists almost entirely of 
the latter two. 

The requirements which the weight loss criteria Impose upon 
zinc orthotitanate paint systems have not been addressed in detail 
in this program. However, much of what we know about silicones, 
especially methyl silicones (RTV602 and 01-650) , can be extended 
to provide considerable insight into the prevention or mitigation 
of silicone outgassing. It is essential to identify the various 
volatile species , their relative concentrations in the cured dry- 
film paint coatings, and the vaporization parameters, primarily 
AH^. From such data we can determine optimum processing parameters 
for devolatilization of conpements , pi'ovide data for direct use in 
computerized contamination prediction programs, and assess the feas- 
ibility of thermal devolatilization procedures following the ap- 
plication of the paint coatings. A vacuum bake-out of S-13G at 
250°C/24 hrs, for instance, significantly reduces its TWL and 
CVCM; the same treatment for S-13G/I.0 is far less effective be- 
cause of its already low outgassing potential. 




\ 


APPENDIX IV 

SPACE CHARGE ACCUMULATION (SCA) AND COATING 
ELECTRICAL CONDUCTIVITY 


The obvious solution to the Space Charge Acc\imulation (SCA) 
problem in surface coatings is either to increase che electrical 
conductivity of surface coatings or to improvise electrical paths 
from the surface coatings to the spacecraft electrical ground, or 
both. Other than this statement, there exist few general guide- 
lines for the electrical conductivity of low ct^/e coatings. Such 
coatings possess conductivity values characteristic of dielectric 
materials. Electrical conductivity will typically be in the range 
10"''-10’*^ mho/cm^ 

In some instances it is possible to greatly increase these 
values by the addition of metal flakes /powders (e.g. non- leafing 
AI) . The success of this approach, however, depends very strongly 
or. the binder. 

Most binders, including methyl silicones, will wet, and thus 
electrically isolate, the flakes sufficiently to preclude any sub- 
stantial increase in electrical conductivity . 

Methyl silicone based zinc orthotitanate paints will, without 
any metal additive, possess electrical resistiviti is equivalent 
to an electrical insulator - i.e., of the order of 10*'“ ohms per 
square . 
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